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PREFACE 


This book is planned to meet the need for an elementaiy 
text on altemating-cuirent electricity, simple enough to be 
readily understood by begumers, and, at the same time, 
complete enough to be a proper foundation for engineering 
practice or for later advanced study. 

The authors have tried to present a thorough treatment 
of the general principles, everywhere dosdy associating the 
principles with the machines, the methods and the facts of 
everyday practice. It is believed that information thus 
arranged becomes immediatdy usable, and that, in ad¬ 
dition, the student receives the suggestian and incentive for 
further study on bis own initiative. Throughout the text, 
the steps by which new ideas are introduced have been made 
small. The increased speed and certainty with which the 
students advance under this plan has been found, on care¬ 
ful trial, to more than compensate for the longer text made 
necessary. 

In order that a proper background for the study of alter¬ 
nating-current phenomena may be provided, the authors in¬ 
troduced in Chapter I a bri^ general discrmaion of the ways 
in which alternating current and alternating-current ma¬ 
chinery are commonly used and the place that they occupy 
in the larger fidd of power generation and distribution. It 
is our bdief that the perspective view thus obtained by the 
student will greatly aid him in all subsequent chapters of 
the book. 

Theoretical demonstrations and discusdons are preceded 
in every instance by practical explanations and common, 
everyday analogies which must have come within the 
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student’s piefTious knowledge and eoperience. The funda* 
mental ideas concerning current, e.inJ., phase rdations, 
power and poweivfactor are brought most prominently to the 
student’s attention, since these ideas are of the first im¬ 
portance in dealing with alternating current; but the 
authors have purposdy postponed the discussion of in¬ 
ductance and capacity imtil their physical significance and 
their practical applications have been esplained. Armature 
windings tae treated with much greater detail than is usual 
in tertbooks of this kind in the bdief that a thorough under¬ 
standing of that part of the machine in which the e.m.f. is 
generate is necessary to a dear understanding of the 
meaning of phase difference, vector summation and poly¬ 
phase relations. The main object has been to teach, not 
annature winding, but polyphase alternating currents. 

Hydraulic analog^ have been used fredy for the purpose 
of giving the student qualitative and physical conceptions 
rather than a quantitative or mathematical appreciation of 
the prindples under discussion, as the authors have found in 
thdr teaching experience that such analogies are more con¬ 
vincing to most students than rigid, abstract demonstrations. 
For a BiTni1a,r reason, also, mary pictures and ample diagrams, 
each provided with a full and carefully descriptive legend, 
have been inserted throughout the text. Practical problems 
have been introduced generously and nearly 1500 will be 
found distributed throughout and at the ends of the different 
chapters. These have been carefully planned both to test 
the student’s real knowledge of the subject matter presented 
in the preceding chapters and to give buin valuable en^eeiv 
ing data in a form that is convenient and easily remembered. 

The text consists of two courses. While there is no 
break in the continuity between the “First Course’’ and the 
“Second Course,’’ each course is, neverthdeas, complete in 
itself and can be comfortably finished in one semester. 

The “First Course” includes the general introduction, a 
description and study of the fundamental principles, and 
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the application of each principle to all of the important de¬ 
partments of electrical engineering practice. The purpose 
of this course is to acquaint the student with the larger facts 
of alternating-current phenomena and with the nature of 
the quantities involved rather than to provide him ^th an 
exhaustive study of the appliances. 

The ^'Second Course” explains in greater detail matters 
relating to the construction and the characteristics of oper¬ 
ation of the various common types of alternating-current 
machines and appliances. Each ^ these machines and ap¬ 
pliances is studied in its rdation to all of the principles that 
have been brought out in the earlier course. 

The above arrangement of material, together with the 
shorteiung of the steps by which new ideas are introduced, 
the constant practical applications of prindplea, the frequent 
analogies and the elimination of abstract and complicated 
mathematical demonstrations have been found in the 
authors’ experience to so simplify the subject as to make the 
study of alternating current entirely practicable much earlier 
than is usual in technical schools and college courses. This 
is most important, for alternating current is a subject which 
requires ample time for thorough assimilation. When, alter¬ 
nating-current theory is begun too late, no time remains for 
subsequent study or for experiments courses dependent 
upon it. 

It is presupposed that the student has studied the equiva¬ 
lent of the first nine chapters of Timbie’s “Elements of 
Electricity,” and that he has access to a good laboratory. 

In condusion, the authors wish to express their apprecia¬ 
tion and t.hftnIfH to Mr. Arthur L. Willistan, PiindpS of 
Wentworth Institute, for in^iration and teaching philosopby, 
for generous assistance in tiie preparation of the text, and 
especially for bringing the first chapter and the introduction 
into their present form. Also they wish to express to Mr. 
J. M. Jameson, Vice-Preddent of Girard College, apprecia¬ 
tion and thanks for effident and most valuable ^ting. 
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Grateful admowledgment, too, is eixtended to Mr. Clifford W. 
Bates, Sheffield Sdeatifio School, for valuable oriticism and 
suggestions regarding the test and for solutioDB of the 
poblems. 

W. H. T. 
H. H. 


Boston, Mabb., 
Ann Ahbob, Mioh., 
November, 1014. 
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Alternating-current Electricity 

and 

Its Applications to Indnstry 

FIKST COUIISE 

CHAPTER I 

MODERN SYSTEMS OF POWER TRANBMBSION 

It is the purpose of this chapter to give the reader a 
bird^s-eye view of the particular place occupied by Altematmg-' 
current Electricity, and also that occupied by electrical 
power in general, in the large problem of the generation and 
distribution of power. 

1. Sources of Power. Electricity is not one of the 
natural sources of power; commercially it is nearly always 
generated in one way or other from some kind of mechani¬ 
cal power. The chief origmal sources of power are: first, 
coal which is mined from the earth; second, oil and gas 
which flow from driven wdls; third, water flowing in natural 
or artificial waterways. 

Energy is obtained from fuel, that is, from coal, or oil, 
or gas, in one of two ways. It may be obtained by burning 
the fuel under steam boilers, or by internal combustion 
inside the cylinders of oil engines or gas engines. In both 
cases heat is generated, and this heat must be transformed 
into mechanical energy before electricity can be obtained 
upon a commercial scale. 

Heat generated underneath a boiler may be used to make 
steam under pressure, and this steam passed through the 

1 
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valves of a steam engine or the nozzles of a steam turbine 
may be made to move a piston or revolve a shaft. Thus 
heat energy may be transformed into mechanical energy 
capable of operating the machinery of a mill, or of running 
an engine, or revolving the armature of an electrical gen¬ 
erator. Fig. la shows the coal-handling device for a large 
power plant; Fig. lb, the belt conveyor that delivers the 
coal to the hoppers which feed it to the grates beneath the 
boilers by means of an automatic stoker shown in Fig. Ic. 



I^Q. la. Coal-handliag devioe of a modem oential power plant. 

The Eleclrieal World. 

The steam generated in these boilers drives the four tur¬ 
bines of Fig. Id, the combined power of which is nearly 
20,000 kw. Again, when oU, natural gas or artificial gas 
manufactured from coal is burned inside the cylinder of a 
gas engine, heat is generated. The heat expands the gases 
which result from the combustion, and enables them to 
push forward the piston of the engine. In this instance, 
too, heat energy is transformed into mechanical energy and 
made capable of rotating any shaft to which the engine 
piston is attached. Fig. 2 shows a 250-kv-a. engine for uong 
natural gas to drive a 250-kv-a. generator. 
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In rebent years in the United States there have been a 
large number of very important power installations in 
which electricity is generated by water-power. The water, 
in falling from a higher level to a lower, is caused to come 


Fzq. lb. A coal conveyor for delivering coal to the hoppers above 
the boilers. The Electrical World. 

at a high velocity against the blades of a turbine or water 
wheel and thus revolve it upon its shaft. The energy in 
water stored at the higher level may thus be transformed 



' ...I __ 

Yiq. Ic. A battery of boilers. Note that the coal is fed to the 
grates by automatic stokers. Babcock d Wilcox Co. 

into the mechanical energy of a revolving shaft; and this 
may be used to generate electricity or to operate any kind 
of machinery. In Fig. 3a is seen the Gatun dam of the 
Panama Canal Zone; in Fig. 3b, the penstocks which carry 
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the w&ter from Lake Qatun to the 3600-h. p. turbinee shown 
in Fig. 3o, whioh supply the electric power for the whole 
Canal Zone. 

Steam engmes, gas engmes and water wheels, when used 
to convert natural power into mechanical energy, are for 
convenience sometimes called prime movers, when we wi^ 
to speak of them collectively under a single term. 

2. The Need for Central Power Stations. It very fre> 
quently happens that the work that prime movers are in¬ 
tended to perform is scattered over a wide area. In many 
instances the amount of power that is required for use at 
any one place is small. To illustrate: In a factory having 
several buildings scattered over a large tract of land, we 
find that power is used for incandescent lamps to li^t each 
floor of each one of the buildings; for dedr fane in offices 
located in several buildings; and for arc lamps to light the 
yard. It is also used for operating machine tools in the 
repair shop in one of the buildings; and for various manu¬ 
facturing purposes in many other parts of the plant. Each 
incandescent lamp needs but horse power, each desk fan 
needs but ^ horsepower and each arc lamp needs but 
about } horse power. Each machine tool in the repair 
shop requires from about \ horse power to perhaps 3 horse 
power, and the whole repair shop may require only about 
20 or 25 horse' power. Large quantities of power are re¬ 
quired for manufacturing purposes, but the machines to 
be driven are located on the several floors of the different 
buildings. 

Under such circumstance it would be neither practicable 
nor economical to install an engine or a water wheel at each 
place where power is needed. The only practical plan is to 
generate in one “ Power Station ” all the power that is needed 
for the entire plant, and then to distribute this power in 
some way to the places where it is to be used. In this 
power station, centrally located if possible, are installed all 
the prime movers that are necessary. The next problem 
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Fig. 3a. The Gatun dam in the Panama Canal Zona 
A head of 76 feet is obtained. The Sledncctl World, 




IB to determine 
the best method 
of distributing 
the power that is 
generated to each 
separatemachine 
where it is to be 
used. 

3. Selecting 
a Method for 
Transmitting 
Power. There 
are four common ways of transmitting power to oonsideiv 

able distances: 
first, mechanical 
means, by belts 
or rope-drives 
and shafting; 
second, by steam 
\mdor pressure 
flowing in mains; 
third, by com- 
pressed air; 
fourth, by dec- 
tricity. Whidi 
of these four 
methods of 
power transmission is best suited to the requirements of a 
particular plant will 
depend upon the sur¬ 
rounding conditions, 
and often reqt^s 
careful study. Each 
of these methods has 
advantages. There 
are many instances 
in which each of 
these four modes 
of power transmis- 
mon should be used 
in preference to all 
of the others. Where 
distances are very short, mechanical transmission of power 


Fig. 8b. The penstookB of the Qatim plant. The water 
turbines in the process of erection. The Electrical World. 



0 . 

Fig. 3c. The Gatun hydro-electrLo station with 
three turbines in place. The Electrical World. 
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by belts and shafting is usually the cheapest and most effi¬ 
cient method. Fig. 4a shows a typical installation of rope 
transmission, and Fig. 4b is an illustration of the use 
of belts and shafting for distributing power to the various 
machines of a textile plant. Where installations are tem¬ 
porary, where the distances to which power must be trans¬ 
mitted are not too great, and where the quantities of 



Fig. 4a. Power tranamiflaioii by means of ropes and pulleys* 
The Dodge Mfg. Co. 


power required are small, steam under pressure may often 
be used to advantage. An illustration that might be cited 
of this type of transmission is the scheme for rock drills, 
hoisting engines, elevators and pumps needed for a subway 
or a large building excavation. Compressed air is often 
used in preference to steam where distances are great, where 
freezing temperature wiU be encountered and where the in¬ 
stallation is to be more nearly permanent. The rock-drills 
of Fig. 6a are driven by compressed air, transmitted through 
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a long pipe line. The mine locomotive of Fig. 5b is pro¬ 
pelled by compressed air, enough of which can be stored 
in the three tanks for a trip of several miles. Electricity 
has many advantages over other types of power transmis- 
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Fig. 4b. Lobkmg down an aisle in a modem textile plant equipped 
with beltSi pulleys and diafting. The Dodge Idea. 

don, especially where the distances to which power is to 
be sent are great. Electricity travels on wires that do not 
move. These wires may be bent in any direction. They 
easily pass obstructions and may be supported in a great 
variety of ways. The cost of such a transmission line is 
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r^tively small and, when installed, is subject to but ATnaU 
depreciation and wear. Kg. 6 shows a section of the electric 
line which transmits 10,000 h. p. from Niagara Falls to 
Toronto, a distance of 90 miles. 



Fni. 5a. Power is oonvey^ to these took drOla by means of compresBod 
air transmitted throii^ pipe lines. T?ie IngeraoU^Rand Co. 

Electric power may be started, stopped and controlled by 
devices that are more accurate and rapid in their operation 
and more compact and durable in their construction than 
those which must be used when* power is transmitted by 
other means; and it is suited to a greater variety of uses. 
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Also, for Ipng-distaace traDsmission, electricity is more eco¬ 
nomical any other kind of power. Central power 
stations which are designed to furnish power to a commu¬ 
nity for an indefinite variety of purposes have consequently 
become, in rdmost every instance, electric generating stations. 

In these stations the mechanical power of the engineB or 
water wheels drives electric generators. The electricity &om 
these generators is distributed through a switchboard over 
a network of large conductors which are called feeders or 
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5b. A mine locomotive propelled by compreased air. The three 
storage can be charged in one-half minute with enough com¬ 
pressed air to enable the locomotive to draw a load several miles. Tha 
K. Porter Co, 

mains. The current in these mains is often again subdivided 
at small distributing centers from which it is distributed 
over small wires to the numerous points where lamps, motors, 
heating devices or chemical apparatus are to be supplied 
with power. 

4. Selecting the Locations of Central Generating Sta¬ 
tions. It is usually best to locate central generating sta¬ 
tions at points centrally situated in the areas they are to 
serve, and so to locate them that the cost of erecting and 
operating the necessary distributing circuits is a minimnni. 
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of a modem high-^teDBion teanfimisBicnL linft, deliYeEuig 10^000 home power 
a flails to Toronto, a dietanoe of 90 mileB. Tha Qmand Electric Co, 
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Wbore water is used as the natural souroe of power, how* 
ever, the generating station is located at or near the water¬ 
fall, as it is cheaper to transmit the electricity to the market 
where it will be used than it would be to transmit the great 
quantities of wat^ required for the water wheels. 

6. Advantages of Alternating-current Electricity for 
Central Stations. Experience has shown that large central 
plants and those having great diversity of service can be 
operated more efficiently than smaller plants or than plants 
having Httle diversity of service; hence there has been 
continual growth in the economical size for central gener¬ 
ating stations. There are now examples of single stations 
capable of generating 120,000 kw.; and plans are being made 
for still larger stations. To use the machinery in such 
plants to the best advantage and operate it at as steady a 
load as possible, longer and longer transmission lines are 
being planned. 

The desire to transmit electrical power as far as possible 
with a minimum loss has resulted in the present very general 
use of alternating-current electricity. 

The reason is simple. Electric power depends upon two 
factors, current and voltage. We may transmit a given 
amount of power in either of two ways. First, by means of 
a large current at a low voltage; or, second, by means of a 
smaller current at a correspondingly higher voltage. The 
smaller the current used, however, the smaller will be the 
loss of x>ower in transmission. Hence, for long-distance 
transmission, in order to secure a small loss, we must use a 
small current and consequently as high a voltage as is prac¬ 
ticable. 

In the case of direct current, American engineers have 
considered it undesirable to use direct current at high volt¬ 
ages. On the other hand, alternating current may be simply 
and inexpensively stepped up from low voltages, at which 
it may be generated, to high voltages at which it may be 
transmitted over wires; and then it may be stepped down 
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again to whatever voltagee are desired for use. The instru* 
ment used for doing this is called a transformer. Such a 
transformer cannot be usdd with direct current. 

6. Transformer Substations. It is now customary to 
generate altemating-curreat electiicily in large central sta¬ 
tions ai voltages as high , as 6000 volts or even 12,000 volts, 
and alternating-current motors are built to operate on volt¬ 
ages as high as 11,000 volts. Seyond these limits idter* 
nating current becomes troublesome on account of the 
difficulty in obtaining suitable insulation between the various 
parts of the machines. 

Where high-voltage transmission is required it is custom¬ 
ary to place in central stations step-up transformers which 
increase the voltage from that at which the current is 
generated to whatever voltage may be desired upon the 
transmission line. This voltage may be only a few thousand 
volts or it may be as high as 100,000 or even 150,000 volts, 
depending upon the quantity of power that is to be trans¬ 
mitted and the distance through which it must be sent. 
Such transformers are exceedingly compact and their effi¬ 
ciency may be as high as 08 or 99 per cent. They are com¬ 
paratively ine^ensive and have no moving parts to require 
attendance. 

It is not advisable to carry the full voltage of the trans¬ 
mission lines into a town on account of the danger of 
contact with buildings or trees or with other electrical con¬ 
ductors. Often municipal ordinances forbid it. Therefore, 
a transformer substation, situated on the outskirts of a town, 
is used to stop down the voltage from that used on the 
main transmission line to a voltage that is suitable for the 
distribution of current to the different consumers. Voltages 
used on such distributing systems differ very greatly accord¬ 
ing to circumstances. The voltage may be several thousand 
volts or it may be below 1000. A pressure of 2300 volts is 
very frequently used. A portable outdoor transformer sub¬ 
station is shown in Fig. 7a. This station supplied 60 kv-a. 
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for operating maobiaeiy during the oonstruotioii' work in the 
Los Angeles Aqueduct. 

Near the points where power is consumed small trains* 
formers are used for stepping down the voltage of the current 
in the distributing system to 110 volts, 220 volts, SSO ^volts, 





Fia. 7a. A portable tranafoimer eubstatioii, for stepping down ttie 
pressure from 33,000 volts to 440 volts for operating maobinety. 
Used in the oonstmotion work on the Los Angeles Aqueduot. The 
Weetinghmue Ufg. Co, 

or to whatever other voltage may be required by the lamps 
or other apparatus. 

7. Converter Substations. While a very large percent¬ 
age, perhaps from 90 to 95 per cent, of the electrical power 
now generated in central stations in the United States is 
generated in the form of alternating current, many applica- 
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tions of eleotriofJ power require direct current. Therefore, 
direct current must usually be available from the distribut> 
ing system, even thou^ ^temating current is required for 
transmission. 

Fortunately several devices have been developed for 
‘'converting” alternating currant into direct current. For 
the conversion of small amounts of power, various recti^^ing 
converters are used, of which the mercniy-aK rectifier is the 
most familiar example. Such devices are usually connected 
to the distribution line at each place where direct-current 
power is to be used: for example, at the garage where direct 
current is needed tq charge storage batteries. 

Where large quantities of direct current are needed to 
supply communities, large manufacturing plants or electric 
railways, converter substationa are erected. These substa¬ 
tions contain apparatus for converting alternating current 
at the hi^ voltage used on the transmission line into direct- 
current electricity at the lower voltage used by the appa< 
ratus of the consumer. 

This conveiision of hi^-vdtage alternating current to 
low-voltage direct current is done in two stages; the hi^- 
tension alternating-current power is transformed first into 
altemating-ourrent power of lower pressure by means of 
the step-down transformers already referred to; and then 
the lower-pressure alternating-current power is converted 
into direct-current power at a suitable voltage by means of 
rotating machines, which may be of either of the two fol¬ 
lowing types: 

First, the motor-generator converter shown in Fig. 7b, which 
consists of en alternating-current motor operated by the 
transmission line end mechanically coupled to a direct- 
current generator. This is the most flexible type of con¬ 
verter end is adaptable to the greatest variety of conditions. 
It is, however, more expensive than the second type of ro¬ 
tary converter. 

Second, the STnchxonoos converter (conomonly called the 
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rotaiy converter); This type of converter, shown in jBlg. 7o, 
does practically all of the work of a motoivgenerator con¬ 
verter. It has, however, only one armature and only one 
field structure. It is correspondingly less flexible. It is, 
however, also lees expensive and usually more efficient. 


Fig. 7b. A oonverter substation contaiiung motoivgeiierator oonvarters 
for the purpose of converting the alternating-current power to direot- 
ouirent power to be used by locomotives in the Detroit'TunneL 

8. Alternating-current System for Short Transmissions 
Requiring no Step-up Transformers. An old empirical rule 
which gives satisfactory results within reasonable limits 
states that the proper transmission-line pressure should be 
about 1000 volts for each mile in length of the line; for 
instance, 2300 volts may weU be used to transmit cur¬ 
rent within a radius of about two miles from the central 
station. 
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In many stations 6600 volts, or 6900 volts, has been 
adopted as a satisfactoiy terminal pressure of the genera¬ 
tors. When transmitting power not over five or six miles, 




Fig. 7c. A convofter Bubstation containing synohronouB oonverters. 
Note that no separate motor is required to drive such a converter. 
ThA Oenerd Electric Co. 

therefore, the lines may readily be fed directly from the 
generators or from the bus-bars on the main switchboard, 
to which a number of generators in parallel deliver their 
output. 
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When lines are operated at a pressure not greater than 
this, step-up transformers and transformer substations are 
usually considered unnecessary, and the small distributing 
transformers, which supply the various services of individual 
consumers, are attached dii^tly to the transmission line. A 
typical example of such an alternating-current distributing 
system is shown in Fig. 8a. This represents the usual three- 
phase installation naing three wires for each circuit. 

“A” The main generator A is connected directly to the 
three-phase transmission line. The alternating-cur¬ 
rent generator must have its held magnets excited 
from a separate source of direct current, usually from 
a small compound-wound direct-current generator 
driven from an independent source (in this instance 
by a belt on the pulley X). 

"B” A three-wire three-phase transmission line is rep¬ 
resented in the figure by the three lines B, B, B. To 
the transmission line are attached the following 
service equipment. 

*^0” A three-phase alternating-current synchronous 
motor or induction motor wound to operate properly 
at the full line voltage. The motor load is not 
shown, but it may be either a mechanical or an elec¬ 
trical machine. 

A number of single-phase transformers connected 
to the three-phase transmission line, stepping down 
the voltage to a value suitable for small three-phase 
motors and incandescent lamps. 

“A Tub Transformer” or a “Constant-current 
transformer” connected to a series-arc or series- 
tungsten lamp circuit such as is usually employed 
for street lighting. This transformer takes power 
. from one phase of the three-phase line as a variable 
current at constant voltage. It delivers power to the 
series-lamp circuit as a constant alternating current 
at a variable voltage depending upon the resistance 
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of the lamp circuit. If the lamps are of the type tha 
demauds direct current, a mercury-arc rectifier maj 
be combined with the tub transformer, thus convert 
ing constant alternating current into constant direc 
current. 

A Bmgle-phase distributing transformer oonnectec 
to one phase of the three-phase transmission line 
A three-wire constant-voltage lamp circuit is showi 
connected to the terminals of the low-tension coils 
Tii ghtiTig is always done on a single phase. Variouj 
li ghting circuits are so connected to the transmission¬ 
line wires that the three phases of the transmission lin< 
are as nearly equally loaded, or balanced, as possible 
^*0” A set of three single-phase transformers steppinj 
down the voltage to a value suitable for the low- 
voltage synchronous converter Y which is being usee 
to convert the three-phase alternating current into di¬ 
rect current for distribution on a three-wire lightini 
and power system. 

9. Alternating-current Systems for Long-distance Trans¬ 
mission where Step-up Transformers are Required 
Where the transmission of electric power must be made tc 
distances greater than about five or six miles or at voltages 
higher than from 6600 to 11,000 volts, the system is usuaJl} 
increased by the addition of step-up or central-station trans¬ 
formers and also transformer substations. A typical long¬ 
distance system of this type is illustrated diagrammaticall} 
in Fig. 8b. This includes the following principal items o: 
equipment. 

'^A'^ A main central^ation generator generating three- 
phase alternating current at a voltage of betweei 
6000 and 11,000 volts. 

“B” A Bet of step-up or station transformers so con¬ 
nected to the main generator as to raise the pressure 
of the alternating-current generator to the value re 
quired on the transmisaiop line. 
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A three-wire three-phase transmisdon line C; C, C. 

"D” A transformer substation consisting of three single¬ 
phase transformers connected to the three-phase 
high-tension transmi^on line. These transformers 
supply current to a set of three three-phase distribu¬ 
tion wires E, E, E, at a voltage of perhaps 2300 volts 
between any two wires or across any one phase. 

"F” A variety of apparatus may be connected to the 
distributing system E, E, E, either through small 
transformers or directly to the line. The figure 
shows a Hnia.11 three-phase induction motor operated 
through transformers at a voltage of 280 volts, a 
system of incandescent lamps at a voltage of 115 
volts, a larger motor operating directly on the distrib¬ 
uting line at 2300 volts, and a thre^wire alternat¬ 
ing-current incandescent lighting ssrstem operating 
at 116-230 volts through a small transformer. 

“G” A converter substation consisting of two distinct 
parts; first, step-down transformers used for reducing 
the pressure from the high-tension transmission line 
to a value suitable to drive a synchronous converter; 
second, a s 3 mchronous converter changing alternat¬ 
ing-current to direct-current electricity. 

In this case the direct-current output of the con¬ 
verter substation is used for operating a suburban 
railway. It might also be distributed to a town for 
a great variety of purposes. 



SUMMARY OF CHAPTER I 

POWER is obtained from coal, oil and water, by the use of 
prime movers in the form of steam engines, gas engines and 
water wheels. 

CENTRAL POWER STATIONS are established because it 
is inefficient to place a prime mover at each place where a small 
amount of power is required. 

CENTRAL STATIONS ARE ELECTRICAL because elec¬ 
trical power can be transmitted more cheaply and more con¬ 
veniently and tamed to. a greater number of uses than any 
other form. 

THE LOCATION of these power stations is as near the 
center of the region to be served as possible. Water whe^s, 
however, must be located near the waterfalL 

ALTERNATING CURRENT is generated by these central 
stations because remarkably efficient machinery has been de¬ 
vised for stepping up” the voltage and getting the great 
advantage of transmittl^ at high voltage. The same machine, 
a transformer, ” steps down ” the voltage allowing it to be 
used at a low pressure. Transformers will not operate on 
direct current 

CONVERTER SUBSTATIONS are placed at points along 
the transmission line where a large amount of direct current 
is heeded, and synchronous converters or motor^generators 
are installed which change the alternating current to direct 
current. For converting a small amount of alternating-current 
power to direct-current, a mercury-arc rectifier is generally 
used. 

TRANSFORMER SUBSTATIONS are erected wherever it 
is desirable to step down from the transmission voltage of 
between 23,000 and 140,000 volts to a city circuit usually of 
about 3300 volts, for the sake of greater safety to human life. 
At the immediate points where the power is to be used, small 
individual transformers change this 2300 volts to the 500, 320 
dr zro volts desired. 

SHORT TRANSMISSION SYSTEMS for transmittihg 
power sii miles or less consist of an alternating-current gen- 

26 
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erator of from aooo to ii,ooo volts, coxmected directly to the 
line. At the receiving end of the line, synchronous motorsi 
induction motors or converters may also be attached directly 
to the line. By attaching transfonners to the line, small 
motors, incandescent lamps and arc Ugfats may be run at their 
proper low voltage. 

LONG TRANSMISSION SYSTEMS are those which trans¬ 
mit power more than five or six miles. The generator delivers 
6600 to 11,000 volts, but this is ‘‘stepped up” by station 
transformers, sometimes as hi^ as 150,000 volts, before it is 
delivered to the line. Wherever power is to be used, either a 
transfonner substation or a converter substation is erected. 
The former by means of transformers “st^s down” the 
voltage to about 3300 volts for distribution of alternating- 
current power over a small area. The latter has a synchronous 
converter in addition to the transformers and delivers direct- 
current power to a limited area. 


PROBLEMS ON CHAPTER I 

Prob. 1-1. In a certain coal mine there is a vein of hard coal 
40 ft. wide, 5 ft. deep and 1200 ft. long. This coal averages 
13,200 B.t.u. per pound. 

(а) How many foot-pounds of energy are there in this vein? 

(б) How many horse power-houiB? 

Prob. 2-1. A certain factory requires 260 horse power to oper^ 
ate it. How long would the coal in the vein in Problem 1 operate 
this factory? Assume 25 per oent loss in handling the coal, and 
that the boiler and engine use only 15 per oent of the energy in the 
coal. Factory runs 0 hours per day, 6 days a week. 

Prob. 3-1. How many kilowatts are required to illuminate a 
schoolhouse having 50,000 sq. ft. of floor space? The average 
power required is 1.6 watts per sq. ft. 

Prob. 4r-l. Assuming that the generator of Problem 3 has an 
efficiency of 80 per cent,,how many tons of soft coal i)er week of 
25 hours are needed to illuminate the school building of Problem 
3? The coal averages 13,000 B.t.u. per lb. and 12 per cent of this 
is turned into mechanical energy by the boiler and steam engine. 
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Prob. 6-1. If it requires 2.2 lb. of coal per hour to produce 
one horse power in a good modem steam power |dant| how many 
tons of coaJ per day of 15 hr. are used by a power plant delivering 
26,000 h.p.? 

Prob. 6-1. Compute the nunSber of pounds of coal needed 
per kilowatt-hour on the basis stated in Problem 4. 

Prob. 7-1. A certain oil well flows 2000 barrds of oil per day. 
If this is burned under a boiler, bow many horse power will it 
develop oontinuoualy? Assume that 1 lb. of oil contains 17,000 
B.t.u. of which 15 per cent is available by this method of using 
the oil. 

Prob. 5-1. One barrel of the oil of Problem 7 is equivalent in 
heat value to how many pounds of the coal of Problem 1? 

Prob. 9-1. How many barrels of oil per day will a locomotive 
use when developing 1200 h.p. if only 6 per cent of the energy in the 
oil is available? Assume that the locomotive runs 6 hours per day. 

Prob. 10-1. How many tons of coal per day the locomo¬ 
tive of Problem 9 use under the same conditions? 

Prob. ll-l. If it requires 9 barrels of crude oil per day of 10 
hr. to nm a 250-kw. plant at rated load, what per cent of the 
energy in the fuel is available by the method used? 

Prob. 12-1. The Big Cre^ reservoir of the Pacific light and 
Power Go. is 4.5 miles long, \ mile wide and has an average depth 
of 34 ft. The effective height of the reservoir above the water 
wheel is 1000 ft. 

(a) How many foot-pounds of energy are stored in this reservcHT? 

(5) How many horse powep-houiB? 

Prob. 18-1. To how many tons of coal averaging 14,000 B.t.u. 
per pound is the wato in the reservoir of Problm 12 equivalent, 
from the energy standpoint? 

Prob. 14-1. The power plants in connection with the reser^ 
voir of Problem 12 contain six water wheels of 20,000 h.p. each. 
How many days would the water in the reservoir alone operate 
these whe^, assuming that the average load is one-half the capac¬ 
ity of the plants and that the efficiency at this load is 80 per cent? 

Prob. 16-1. If the water wheels had only the head of the 
Eeokuk plant, 32 ft., how long would the plant run under the con¬ 
ditions of Problem 14? 

Prob. 18-1. How many kilowatts can be delivered by the power 
plant of Problem 14 operating at full load? Assume an effidenpy 
of 95 per cent for the eleotrio generator. 
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Prob. 17-1. ' How nmny barrels of oil per month would be re¬ 
quired to deliver the same power as the water wheels in Problem 147 
Assime the oil to be burned under boOera as in Problem 7. 

Prob. lS-1. The highest recorded efficiency for water turbines 
was attained by the four 6000-horse power wheels at New Piver, 
Va. Under a head of 49 ft., an efficiency of 93.7 per cent 
secured. What flow of water was necessary under these condi¬ 
tions? 

Prob. 19-1. What horse power will a water turbine develop 
when operating under a head of 40 ft. and taking 20,000 ou. ft. of 
water per minute? Efficiency of the turbine is 80 jtex cent. 

Prob. 20-1. In the Missiaaippi lUver hydro-electric develop¬ 
ment at Keokuk, Iowa, there are 16 turbines each having a nonnal 
rating 10,000 h.p. based on a head of 32 ft. Under these condi¬ 
tions they operate at an efficiency of about 88 per cent. What is 
the flow of water through them? 

Prob. 21-1. At full load the generators attached to the tuiv 
bines in Problem 20 have a guaranteed effidenoy of 96.3 per cent. 
How many kilowatts can each generator deliver under these con¬ 
ditions? Data from General Electric Review. 

Prob. 22-1. In the Gatun hydro-electric development shown 
in Pig. 3a, 3b and 3c, there are three Pelton-Prancis turbines, each 
having a capadty of 3600 horse power when operating under an 
effective head of 76 ft. The total flow of water through the pen¬ 
stocks is 90,000 cu. ft. per min. What is the effidenoy of the 
turbines under these conditions? 

Prob. 28-1. Each generator attached to the turbines in the 
Gatun plant has a guaranteed effidency of 96.1 per cent when 
delivering 2000 kw. What horse power must each turbine develop 
under these conditions? Data from General Electric Review. 

Prob. 24-1. Assuming an effidency of 83 per cent for the tur^ 
bines in Prob. 23, how much water per minute must be supplied to 
each machine at an effective head d 75 feet? 

Prob. 26-1. At the average rate of S3.00 per ton, what is the 
fuel cost of producing one kilowatt-hour, on the basis of Problem 4? 

Prob. 26-1. Assume the following conditions in a good gas- 
produdng plant: 

The producer delivers 76 per cent of the energy in the coal to gas 
engine. 
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The gas oonverte 35 per cent of this energy into meohan- 
icaJ energy of the piston. 

The piston delirers 90 per cent of this energy to the shaft. 

What is the overall efficiency of the gas-producer plant? 

Prob. 27-1. At $2.60 per ton for coal averaging 14,000 B.t.u., 
what will it cost for fuel per year of 3000 hr. to operate a 100-kw. 
electric generator with a gas-producer engine? Generator has an 
efficiency of 90 per cent and producer plant data as in Problem 26? 

Prob. 23-1. A 70-h.p. Diesel en^e diowed on test that it 
delivered 41.7 per cent of the energy in the oil to the piston. Effi- 
dency of Anginft from piston to pulley 90 per cent. At 2 cents per 
gallon (7.0 Tb.) for ofi, how much will it cost per year of 3000 
hours for oil e^ne? Assume engine to run. at 70 horae-pover zato 
for the full time. 1 lb. of oil ■■ 14,600 B.t.u. 

Prob. 29-1. In a typical hydro-electrio plant there is an effec¬ 
tive head of 80 ft. and an average flow of 120,000 cu. ft. per min. of 
water through the penstocks. The turbines have an efficiency of 
89 per cent. The direct-ooimected generators have an effidency 
of 96 per cent. How much power can the generators deliver? 

Prob. 80-1. The electrio power from the central station of 
Problem 29 is transmitted over a high voltage system, the effi- 
dendes of the separate parts of which are as follows: Step-up 
and step-down transfonners 98 per cent each; transmission line, 
96 per cent; rotary converters, 94 per cent. How much power 
may be delivered at the convert^ substation? 

Prob. 81-1. A test was made in the drafts and belting of a cer¬ 
tain Tna/»hme shop dght stoiies high. A jaok shaft on each floor is 
Gonneoted by belts to the engine shaft. Wlien the shop was running 
at full load the sum of the power being delivered by the several 
jaok shafts was 190.7 h.p. The engine was delivering 267.2 h.p. 

(a) What horse power was lost in the jack shafts and belting? 

.(6) What was the effidency of the jack shafts and bdting? 
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INTRODXrCTION 

B&fobb begiiming a detailed study of altematmg-cuireiit 
machines and circuits, and the essential principles that Ve 
must understand in order to work intelligently with! theua.‘it 
is desirable to comprehend in a general way the entire system 
of which each machine and circuit is a part. This will 
assist us in understanding the physical relationships and the 
importance of the parts to one another and to the whole 
system. 

Effects follow causes so quickly in electrical circuits that 
any one who expects to operate electrical equipment with 
safety should fortify himself with a thorough knowledge of 
all the parts of the system and their interdependence upon 
one another, just as a surgeon should know the structure 
of the human body and the functions of all its organs before 
he assumes the responsibility of performing a surgical oper¬ 
ation. The closing or opening of a switch too soon, or too 
fast, or in the wrong place may result in the interruption of 
service, the breaking of noachinery or the sacrifice of human 
life. Therefore, the operating electrician must know the 
workingB of the various parts of the system so accurately 
that he will instantly recognise or anticipate the electrical 
effects that will foUow'any action, at whatever point in the 
system they may appear. 

There is nothing especially difficult about understanding 
alternating-current phenomena, provided the student fully 
grasps a few simple conceptions regarding the nature of an 
alternating current and the way in which it differs from a 
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direct currezit. The most important of these ideas are the 
following: 

Current, Altenmtiiig-GiiiTeiit deotricity differs from direct-our- 
rent in one important partioular only. It is not a uniform contin¬ 
uous flow. Lx the typical case, the current flows back and forth 
along the conductors, first in one direction and then in the other, 
very much as a pendulum swings. The current starts at zero, 
increases gradually to a maxiinuTn in one direction and then gradu¬ 
ally decreases again until it becomes zero, when it starts to increase 
again, but in the opposite direction: increasing to a TnairiTTnim and 
decreasing to zero. A graphical illustration of this alternate in¬ 
crease and decrease of current flowing in one direction and then in 
the other is foimd in “Fig. 37a on page 52. It is most important 
for the student to get a very clear idea of exactly the way in which 
the current surges back and forth. 

Voltage, The electromotive force or voltage, which causes the 
flow of current in this case, of course, varies too. It also starts at 
zero and increases to a maximum and decreases and becomes nega¬ 
tive in just the same way that the current does. It is import^t 
for the student to remember, however, that the TnaTiTmiTn current 
and the maximum voltage may not occur at exactly the wtTnft 
instant. 

As both current and voltage are variables and not constants, 
we cannot add them together in the same way that we do in the 
case of direct currents. In the case of two alternating currents it 
may be that the maxiTnuTn flow in one direction of one current does 
not occur at the same instant as the TnaTiTniim flow in the same 
direction of the other current. It is conceivable that they might 
even exactly oppose each other. We must always know accu¬ 
rately what the relation (i.6., the instantaneous magnitude and 
direction) is at any iostant in order that we may add the two cur¬ 
rents at that instant. At any particular instant, however, we add 
alternating currents just as direct currenis are added. 

Polyphase Currents, If we add together two flimilft r currents 
that have their Tnn.yiTTmTn flow occurring in the same direction at 
the same instant, we would get a single alternating current of 
twice the sunperage of either of the original currents. But, if we 
add the ourrenls in the several wires of a commercial polyphase 
system, we will not get a current equal to the arithmetical sum of 
amperage in all the wires, becau^ in the wires of such a commer¬ 
cial S 3 ^Btem the mariTmiTn currents do not occur at the ao-innA 
time* 
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Power. Li alternating ourrentB^ juat as in direct ourrenta, the 
power at any given instant consists of the product of the cuirent 
that is flowing at that given instant by voltage at.the same instant. 
But in alternating current both the flow and the pressure are 
variables and, therefore, we cannot multiply the maximum flow by 
the maximum voltage. The power in an alternating-current cir¬ 
cuit will always be the product of the effective flow of current 
timpp some voltage that is between the TnRviTmiTn voltage the 
zero vtitage. 

PeBtsiance. In an alternating current, Ohm’s Law applies ex¬ 
actly as it does in a direct current, and llie drop of voltage due to 
resistance over a given distance in a given wire at a given instant 
be figured by the usual formula provided we use the instan¬ 
taneous flow of current that is occurring at the instant. As the 
current is constantly varying, of course ^e drop in voltage to the 
end of the line is varying in a shnilar way. 

Reactance. In studying direct-current electricity we learned that 
a change in flow of current in one circuit produces a tendency toward 
a flow of cuirent in any adjacent circuit. This phenomenon is 
called '^Induction.” In an alternating-current circuit there is a 
perpetual change of flow. Consequently, there is a pei^etual tend¬ 
ency to cause induction in every adjacent circuit; and furtheiv 
more, each wave of current as it surges back and forth in a single 
circuit produces a similar effect on the impulses that have preceded 
it in the same circuit. This effect retards the flow of current and 
produces a decrease in voltage at the other end of a transmission 
line somewhat similar to the drop due to the resistance of the wire. 

Impedance, The effective sum of these hindrances to the flow 
of an alternating current in a line, due to what we may call its 
“Ohm’s-law” resistance and its "Reactance,” is called the “Im¬ 
pedance” of the line. 

If the student will try to visualke accurately each of the 
above seven principles and will get himself into the habit of 
thinking of the variable quantities of current, voltage and 
power as they increase and decrease, and will practice dealing 
with them, adding together and subtracting the currents and 
the voltages, etc., under all sorts of different conditions, he 
will find that the difficulty and confusion often found by 
students who have failed to get a clear idea of these funda¬ 
mental notions, have entirely disappeared. 



CHAPTER n 


ALTERNATING CURRENTS. FUNDAMENTAL IDEAS 

BsFOBiQ taking up the several principles of alternating- 
current generationi distribution and use^ it is necessary that 
the student should be familiar‘with the alternating currents 
and pressures themselves and with the methods of mea&- 
uiing and computing their value. 


Fin. 0. Engine-driven'valvelaBs pump with slotted yoke. The water 
surges back and forth through the pipe. 



10. Cycle. Frequency. An alternating current of elec¬ 
tricity (Mere in no respect from a direct current, except 
that instead of flowing continuously in one direction, it 
periodically reverses the direction of its flow. In the best 
practice at the present time, an alternating current reverses 
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either 50 times a second, or 120 times a second. In a fe^ 
instillations the reversals take place 80 times a second. 

If we liken the flow of a direct current to the flow oi 
water in a river, we may liken the flow of an alternating 
current to the ebb and flow of the tide in a narrow channel. 
The tide periodically reverses the (hrection of its flow once 
about every 6^ hours or about 4 times a day. A better idea 
of this ebb and flow of an alternating current can be gained 
from a study of the engine-driven pump, Fig. 9. 



Fiq. 10. Skeleton diagram of valveleaa pump. The diieotion of the 
piston motion at any instant depends upon the position of the orank 
at that instant. 


Ab the valveless piston is moved back and forth in the 
oylindeTi the water which completely Ms the system is 
made to surge back and forth throughout the entire circuit 
of pipe and cylinder. The number of times the directian 
of flow changes per minute depends upon the number of 
revolutions per minute made by the crank shaft driving 
the piston. Assume the crank shaft to rotate at a uniform 
speed in the directian marked in Fig. 10 and 11, which are 
skeleton diagrams of the pump in Fig. 9. It is seen that the 
direction of flow in the pipe at any given instant depends 
upon the position of the crank at that instant. 




I A 
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It is also easy to see that as the crank pin passes through 
the points C and Ci the piston is at a standstill and no cur¬ 
rent is flowing. When the crank pin is passing through the 
points m and mi, the piston is moving at the maximum rate 
and the greatest current is flowing around through the pipes. 
In Fig. 10 the crank pin has just passed the dead or neutral 
point C, and the piston is traveling to the left, forcing the 
water around the drouit in a clockvnse direction. In Fig. 11 
the crank has just passed through the neutral point Ci and 



FtG. 11. The oraok has moved into a new position, suoh that the pis¬ 
ton motion is reversed. 

the piston has started back and is traveling to the right. 
The direction of the flow of the water has also reversedi 
and is now counter-clockwise around the pipe system. 
Note that in each revolution of the crank there are two 
neutral points (C and Ci) at which the piston is not moving 
and no current is flowing; and also two maximum points 
(m and mi) at which the piston is moving the fastest, and the 
greatest current is flowing. At all times, however, the crank 
abaft is revolving in the same direction and at the same speed. 

The flow of the water in the above system is a fair picture 
of what happens in an electric alternating-current system. 
The current starts flowing in one direction, rises to a maxi- 
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mum value, dies out and stops flowing for an instaut. Then 
it starts flowing in the opposite direction, rising to a maadmum 
value, and dying out until it'stops again. This sequence 
of events is called a (^de. Note that in each qyde there 
are two instants when the current is zero (that is, when it 
stops flowing) and two instants when the current is flowing 
at the greatest rate. The number of times the current goes 
throu^ this cycle each second is called the frequency. The 
usual frequencies of dectrical machines in commercial use 
are 25 cycles per second, and 60 cydes per second. Systems 
using these frequences are usually ^oken of as 26-cyde 
and 60-cyde systems. 

11. Relation of Current at any Instant to Crank Position. 
Referring again to the engine-driven pump of Fig. 10, we 
have seen that the speed and the direction of the piston motion 
at any instant depends upon the position of the crank at that 
instant. Accordingly, we have said that the amoimt and 
direction of carrent in the pipe system at any instant de¬ 
pends upon the position of the crank at that instant. 

Let us call OC the “zero” position of the crank. It will 
be found that when a dotted yoke is used, ea in this case, 
the speed of the piston at any instant is proportional to the 
sine * of fhe an^e which the crank is making at that in¬ 
stant with the zero position. 

Thus^ when the crank is at OJIf , it is at an angle of 90^ to 
the zero position OC, and the piston is now moving at the 
fastest speed and the greatest clockwise current is flowing. 
Let us assume this greatest current to be 100 gal. per minute. 
iVhen the crank has just reached the position OX and is 
making an angle of only 25^ with the zero position, then 
only a certain fraction of the 100 gal./min. is being forced 
throu^ the pipe. This fraction will be foimd to be equal 
to the sine of the angle 25^, or 0.423. Thus, the current 
at that instant would be 0.423 of 100 gal./min., or 42.3 
gaL/min. 


* See Appendix A on Trigonometry. 
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This may be stated aa a general rule: 

The cuirent at any instant equals the product of 
current times the sine of the angle which the crank is malritig 
with the zero position at that instant This assumes the orank 
shaft to rotate at a constant speed. 

This rule will be found to be verified when the following 
problems have been worked out. 

If we wish to write this relation in the form of an equation: 
Let J» « maximum current in gal./min. 

i == current at any instant in gal./xnin. 

^ = an^e which crank makes with zero position. 

Then 

{ = 7m sin 4^, 

Example 1. What is the current in the pipe system in Fig. 10 
when the crank is at an angle of 65** with the zero position? 
i = 7m sm 
t-100 sin 66** 

= 100 X 0.906 
- 90.6 gd./min. 

Prob. 1-2. Assuine constant speed for crank shaft. 

If the TTiaxiTnuTn ourrent in pipe system of Fig. 9 is 25 gEj./sec., 
what is the ourrent when the crank is at the 45° position? 

Prob. 2-2. (a) What is the current in Prob. 1 when the crank 
is at the 105° position? (5) Is it dockwise or counter-clockwise in 
the pipe system? 

Prob. 8-2. (a) What current will flow in the system of Fig. 11, 
if 4 > equals 220°, and the maximum current is 50 gal./sec.? (6) Will 
ourrent be dockwise or counter-dockwise? (Note that the sine of 
an^ea between 180° and 360° is negative. Appendix A.) 

Prob. 4-2. (a) What current will flow in circuit of Plub. 3 
when the orank is at the 300° position? (&) Clockwise or oounter- 
dockwise? 

Prob.‘ 6-2. If the crank turns at the rate of 120 revolutions per 
minute, what is the frequency of the alternating ourrent produced 
throu^ the pipes, in oydes per second? 

Prob. 6-2. Consider a pump of such size that 1 inch move¬ 
ment of the piston displaces 3.18 gallons of water, the stroke of the 
piston being 10 inches. The piston is joined to the crank by a 
dotted yoke as shown in Fig. 9. The crank rotates uniformly at 
the rate of 60 rev. per min. By graphical construction and also 
by tngonometrio table find: 



ALTEmATINQ CXJRSENTa. FUNDAMENTAL IDEAS 38 


(a) The distance moved by the piston as the crank moves from 
a position 20° off dead center, to a position 31^ off dead center 
(average position, 30° off center): also, 

(&) The piston displacement as the crank moves from 89° to 
91° (average position 90°). 

(c) ,Calculate the flow in gallons per second through the oircuit 
for each case. 

(d) Calculate the numerical value of the ratio 

( av. rate of flow, gal, per second, during movement from 29° to 31° ^ 
jav. rate of flow, gaL per second, during movement from 89° to 91°/ 

From a table of sines, find the numerical value of the ratio 


Compare these ratios and 


/ sine of 30° \ 

\Bine of 90°/ 

Draw conclusions. 

Prob. 7-2. As in Prob. 6, calculate the numerical value of the 
ratio /y. rate of flow, orank moving from 59° to 61°\ 

\av. rate of flow, crank moving from 8^ to 91°/ 

late the numerical value of the ratio values being 

\sine of 90°/ 

taken from a table of natural sines. Compare these ratios and 
draw conclusions. 

Prob. 8-2. What is the mariinuTn value of current, gal. per 
second, attained during the cycle, in Prob. 6? 

Prob. 9-2. As in Prob. 6, calculate the numerical value of the 
/ av. rate of flow, crank moving from 44° to 40° Y 
\av. rate of flow, crank moving from 89° to 91°/ 

Also, calculate the numerical value of the ratio (-!— 

' \8me of 90°/ 

Compare these ratios and draw oonclusionB. 

Prob. 10-2. On the basis of problems 6, 7, 8 and 9, show that 

the following relation is true: 

Rate of flow, gal. per sec., as piston passes through each position 


Maximum rate of flow, gaL per sec., attained during the cycle , 


sine<^ sine^ 
sine 90° 1 * 


or that rate of flow os piston passes through 0° position =» maxt 
mum rate of flow in cycle X sine 0°. 

Prob. 11-2. What will be the current in Prob. 6 when the 
crank is at an angle of 70° to the zero position? 
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12. Relation of Cuirent to Crank Position Eipressed 
by Sine Curve. This relation between the current and 
the crank position may be represented by plotting a curve 
between them as in 12. The different values of the 
current in gallons per minute are placed on the vertical 



Fio. 12. Bidation between ourreat and orank position shown by a 
curve called “The Sine Curve.” 


line, reading up for clockwise direction of current and down 
for counter-clockwise. The crank position in degrees is 
plotted along the horizontal. Assume the mavirmim current 
100 gallons per minute as before. 

When the crank is at zero position the current is zero, 
thus the curve starts at zero. 

When the crank reaches the 15° position, the current 
equals 26.9 gal./min. 

4i = 100 sin 16° 

= 100 X 0.259 
= 26.9 gal./min. 

Thus, at the 15° pomtion on the horizontal axis, draw a 
line (ii) upward 26.9 spaces to represent a current of 26.9 
gal./tnin. in a clockwise direction. 

When the crank is at the 30° position, the current equals 
60 gal./min. 

^ = 100 sin 30° 

= 100 X 0.500 
= 50 gal./min. 
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Draw a liae (4) upward 50 epaoes at the 30° position 
on the hoiizontij axis to represent a 60 gal./injn. current 
cloekwise. 

Similarly 

<1 >= I« an 46“ 

- 100 X 0.707 
=■ 70.7 gal./min. 

Draw ^ upward 70.7 spaces from the 46“ mark on the 
horizontal. Also 

t 4 = J* an 90“ 

= 100X1 

= ioa 

Therefore, u = 100. 

Draw it (I*) upward 100 unit spaces from the 00“ mark on 
the horizontal. 

From now on the current grows smaller so that at the 
120“ position of the crank it has become (is) or 86.6 gal./min. 

is = 100 an 120“ 

= 100 sin (180“ — 120“) (See Appendix A, Art. 9a.) 

= 100 sin 60“ 

= 86.6 gal./min. 

Draw line is upward 86.6 ^aces at the 120“ point on the 
horizontal. 

As the crank continues to turn, the current grows less and 
less until it again becomes zero at the 180“ position. This 
is the position OCi in Fig. 10. 

This fact is also shown by the equatibn. 

Let is = current when the crank is at the 180“ poation. 

Then 

is = /» sin 180 “, 

sin 180“ = sin (180“ - 180“) = sin0“ = 0, 
is = 100 X 0 
= 0 . 
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The curreat whea the crank is at the 180° poedtioa is 
them 0, and is represented by a dot on the horizontal line at 
the 180“ point. 

But as the crank continues beyond the 180“ pomtion, the 
piston begins to move in the reverse direction and when it 
has reached 195“, a current (t?) of 25.9 gallons per minute is 
being sent around in a counter-clockwise direction. 

= 100 sin 195“ 

= 100 [ — sin (195“ — 180“)] (See Appendix A.) 

= 100 ( - sin 16“) 

= - 100 X 0.269 

= — 26.9 gal./min. 

The minus sign merely means that the current is now 
flowing in the opposite or counter-clockwise direction. 

Thus we draw i? downward 25.9 spaces at the 195“ position 
to represent a current of 25.9 gal./min. flowing in the counter¬ 
clockwise direction. 

When the crank has reached the 210“ position, a current 
4 of 50 gal./min. is flowing. 

4 = 100 sin 210“ 

= 1001- sin (210“ - 180“)] 

= 100 (-sm30“) 

= — 60 gal./min. 

Accordingly we draw 4 downward 50 spaces at the 210“ 
point to represent a counter-clockwise current of 60 gal./min. 

At the 270“ position of the crank, the counter-clockwise cur¬ 
rent has reached its maximum of 100 gal./min. so 4 = — Im 
is drawn at this point on the horizontal to represent this 
current value. 

From the equation we obtain the same result. 

4 = /«! sin 270“, 

sin 270“ = - (sin 360“ - 270“) = - sin 90“ = 

4 = 100 X (- 1) 

= — 100 ^./min. = — 7„. 


-1, 
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As the crank continues toward a completion of its cycle, 
the value of the counter-clockwise current gradually falls off 
until at the 360° position of the crank it again becomes zero. 

To make deaf the computation for this position of the 
crank, we will calculate the instantaneous current (tio) 
when the crank is at the 345° position. 


iio = 100 sin 345° 

= 100 [-sin (360°-345°)] 
= 100 ( - sin 15°) 

= — 25.9 gal./min. 


Thus the line is drawn downward 26.9 spaces at the 
point 345° on the horizontal to represent a current of 25.9 
gal./min. counter-dockwise. 

If several intennediate lines are drawn and their ends 


joined by a smooth curve as in Fig. 12, this line is called a 
sme curve, and gives the dearest pos¬ 
sible picture of an alternating current 
of water or of electridty. 

Prob. ia-2. Plot a sme curve for 12 
values of the cuirent at different positions 
of the crank of the system in Prob. 3-2. 

Prob. 13-2. Plot a sine curve for 12 
values of the current in system of Prob. 6. 

Prob. 14-2. Plot two cycles of the 
sine curve of Prob. 1 using enough points 
to obtain a smooth curve. 

13. The Sine Curve a Standard 
Wave Form. The type of motion 
represented by the sine curve is a Fig. 13. 
very common thing in nature. If we 
observe accurately any natural object 
which has a periodic motion, such os 
a swinging pendulum, a vibrating string, or the rippling sur¬ 
face of a body of water, we find that this form of wave, the 
sine curve, is apparently Nature’s standard. 



The penduhim 
traces a sine curve if 
smoked paper is moved 
at uniform ^eed. 
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Note the ouzre produced in Fig. 13, by allowing a swing¬ 
ing pendulum to trace its motion on a smoked surface which 
is moved at a uniform speed at right angles to the swinging. 

Fig. 14 shows the curve of the motion of a tuning fork 
obtained in a similar way, and Fig. 15 represents the cross 
sections of ripples on the surface of water. These all have 
the form of the sine curve. 



Eio. 14. The curve traced by the Fia. 16. The waves produced 
tuning fork is a sine curve. on the water have the form 

of a sine curve. 


Now it is possible to produce alternating currents with an 
almost endless variety of wave forms, but this natural sine 
curve has been adopted by engineers as the standard, prin¬ 
cipally for the following reasons: 

First. This form produces the least useless disturb¬ 
ance in the circuit and gives the smoothest, most 
efficient and most useful current wave. 

Second. The mathematical computations connected 
with alternating-current work arc much simpler with 
this form of wave. 

It is a common belief among beginners that on alternator 
naturally delivers an e.m.f. and current whose forms are 
sine curves, but this is far from the fact. Only by a very 
careful design of machine and arrangement t>f windings can 
this result be accomplished. It requires great effort on tlie 
part of the manufacturers to produce a^c. machines which 
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shall deliver an altematLog ourrezxt with this standard wave 
fonn. The different fneans by which this is accomplished 
are taken up in Chapters YUI and IX. 

14. Clock Diagramsi or Vector Diagrams. So far we 
have learned that the altematLog current of water in the 
enclosed system of Rg. 9 may be represented by a wave 
fonn called a sine curve; which presents to the eye a very 
definite picture of what is happening at each instant in the 
system. This curve is difficult to draw accurately and is of 
little use in determining actual values. So if we wish to 
determine accurately just what current is flowing at any 
particular instant; we use the equation of this curve: 

% = /m sin 0; 

where % = gal./min. at any instant; 

— maximum gal./min.; 

0 = angle of crank from zero position. 

This equation gives accurate results in every respect; but 
presents no picture to the eye of what is happening. 

Accordingly, a third method 
of representing alternating cur¬ 
rents is in common use, called 
the clock diagram or vector 
diagram. This method enables 
us to obtain quickly correct 
numerical values and at the 
same time have a picture be¬ 
fore the eye, of the events 
taking place in such a circuit 
as the above in Fig. 9. 

We have seen that at any 
instant the current in Fig. 9 
depends upon the position of 
the crank with regard to the axis CiC. Accordin^y, to find 
the current at any instant, we draw what amounts to a 
picture of the crank at that instant, Fig. 16. We draw first 


fA 



Fig. 16. Clock diagram of ourrent 
relations in pump with orank at 
0" from the aero position. 
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a horizontal line CCi and a vertical line mmi, both of indefinite 
. length, just to use an reference lines, very much as the lines 
CCi and mmi, Fig. 10, are used as reference lines. 

Next we draw a line OX making the same angle ^ with CCi 
that the crank makes with CCi in Fig. 10, and assume that 
this line is drawn to a scale which represents the maximum 
current in the pipe system. 

But we know that at the instant when the crank makes 
this an^e with the horizontal, the current throu^ the pipe 
is only a certain fraction of the maximum current, and that 
this fraction is represented by the sine of the angle Now, 
if we draw the line XV at right angles to CCi it will be the 
same fraction of the line OX, that the current at this in¬ 
stant is of the maximum current, since this fraction will in 
each case be represented by the sine of the angle Ac¬ 
cordingly, we have at one glance: 

First. A line OX, which represents the maximum current. 

Second. A line XV, whi(^ rqrresents the curreint at a 
particular instant. 

Third. An an^e 0, which shows the position of the crank 
at this instant. 

The exact relative value of the instantaneous current to 
the maximum current is perfectly clear, since 
VX . ^ 

Example 2. The maximum value of the current through the 
pipe is 48 gaJ./nim. Emd the current at the instant when the 
crank has mov^ 40° from the horizontal. 

Draw OX, Fig. 17, representing 48 gal./min. at an angle of 40° 
with the horizontal. Then XV represents the instantaneous value of 
the current. 

XV = 48 sin 40° 

=» 30.9. 

XV = i = 30.9 gal./jnin. 

Note that the equation 

i Bon ^ 

is apparent from the construction of the figure. 
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Whea the crank reaches the vertical position, or 90° 
from the zero, the current has reached its maximum. Note 
in Fig. 18 hov the iostantaaeous value % coincides exactly 
with the maximum value In. The equation also shows this. 

i = J« sin 90°, 

= 48, 
sin 90° = 1, 
t = 48Xl 
= 48 gal./min. 



I^a. 17. The line XV iepr»- 
sente the value of the ounent 
when the oranh is at the 40* 
position. 



Fig. 18. The line OX iepre> 
seats the ouirent when the 
erank is 00* from the sero 
position. 


When the crank has passed beyond the maximum position 
and has reached say 125°, the instantaneous value of the 
current is easily found by canstructing Fig. 19. 

i ^ 48 sin 125°. 

The figure shows dearly that sin 125° ^ sin (180° — 126°) 
<= sin 55°. 


t = 48 sin 56° 

= 48 X 0.819 
G= 39.3 gal./min. 


Thus 
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Amaas that the crank reaches a position 210° from the 
zero position. The current at that instant can be found 
from Fig. 20. The line OX or is drawn in the position of 
the crank, and the line 7X, or i, r^resents the instan- 



Eig. 10. The line VX lepresentB 
the value of the cmrent when 
the oronk is 126^ frozn the zero 
positLon. 



Fig. 20. The line VX represents 
the value of the current when 
the crank has reached a posi¬ 
tion 210** beyond the sero posi¬ 
tion. Note that XV is negative. 


taneouB current at this instant. Note that its direction is 
downward, which shows immediately that the value is negS" 
live. 

i = J« sin 210“ 

I» = 48 

sin 210“ = - sin (210“ - 180“) 

=> — enn 30“ 
i = 48 (- 0.500) 

= — 24 gaJ./min. 

Enough examples have been given to illustrate the ease 
and certainty with which problems can be solved by this 
method. The line OX is called a vector, hence the name 
vector diagram is given to the figure. Since the diagram 
often has the appearance of the hands of a clock, it is also 
called the dock diagram, though the rotation is in the op¬ 
posite direction to the hands of a dock. 

In solving all problems in alternating current it is of the 
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utmost importance that all three methods be used for each 
example, in the follcming order. 

First. Draw a rough sine curve in order to place 
clearly before the eyes what is happening in the circuit. 
A sine curve is a panorama photograph or a sort of moving 
picture of what is happening in the system. 

Second. Draw a rough vector diagram, in order to 
place clearly before the eyes the conditionB at any given 
instant, and to show obviously and definitely the relations 
existing between the various values at that instant. 

A vector diagram is a sort of snapshot of a moving crank. 

Third. Paying careful attention to the vector diagram, 
write the equation for an alternating current which is being 
considered 

i ■= Jm sin 

Example 8. What is the instantaneous value of the water 
current in system of Fig. 0, when the crank is at the 290*^ position? 
Maximum vtJue » 800 gal./min. 



Fig. 21. Bough siiie curve showing the direction and relative value of 
the current when the crank is at the 290" position. 

First Draw sine curve, Fig. 21, 

From this we see that the current is negative but is dying out. 
Second. Draw vector diagram, Fig. 22. 

From this we see that the crank really makes an angle of —70® 
to the horizontal, and thus the instantaneous current is negative. 
Third. From vector diagram write the equation: 

1 = /» sin 290® 

1 = -800 sin 70® 

■» — 761 gal./inin. 


or 
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Solve the following as in above example, using all three methods 
for each problem. 

Prob. 16-2. What current is flowing in a system to the 

one in Fig. 9, when it has completed 66° of its cycle? The maxi¬ 
mum current equals 26 gal./min. 

Prob. 16-2. An alternating current of water in a system has 
completed i of its cycle and has a value of 16 gal./min. What 
maximum '^ue of current flows? 



e.mi. of sine wave form. 


Prob. 18-2. What position would crank in Prob. 16 have when 
the current had a positive or clockwise value of 10 gal./min. and 
was growing? 

Prob. 19-2. What position would crank in Prob. 18 have 
when the current had an instantaneous value of 10 gal./min. neg¬ 
ative or counter-clockwise and was dying? 

16. Alter na t ing E.MJ. Whatever we have learned 
about the alternating current of water in the pipe system of 
Fig. 9 can be’applied directly to an alternating current of 
electricity. Modem alternators generate an electromotive 
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force or alternating voltagei which goes through a cycle of, 
valu^ exactly similar to the cycle of values which the 
current of water went through. The same sine wave is 
used to represent the values at the different stages of the 
oyde; the same vector diagrams are drawn to represent the 
relation of any instantaneous value to the maximum value, 
and the same equation is used to compute the different 
values. 

Before taking up the commercial machines, it is more 
profitable to study the simplest possible electrical device for 
generating an alternating electromotive force which has a 
sine wave form. Such a device is shown in Pig. 23. The 
field poles are so shaped that the field between them is 
practically uniform and parallel. When the single coil of 
wire is revolved in this field, an alternating e.m.f. is set up 
between the terminals of the coil. This e.m.f. wave has 
practically the sine form. 

In Pig. 9, the crank was assumed to be rotating counter¬ 
clockwise at uniform speed. Similarly assume the coil in 
Pig. 23 to be rotating counter-clockwise at uniform speed. 

Just as the position of the engine crank at any instant de¬ 
termined the amount and direction of the water current 
fiowing at that instant, so here the position of the coil at 
any instant determines the amount and direction of the e.m.f. 
generated at that instant. 

When the crank was horizontd, there was no current 
flowing through the pipe. Similarly, when the coil is hori¬ 
zontal, as in Fig. 24, it is moving parallel to the lines of 
force, not cutting them, and thus no e.m.f. is being induced 
across the terminals. Fig. 25 then represents the vector 
diagram for this position of the coil, just as it would repre¬ 
sent the current in the pipe line at the same instant. The 
only difference would be the lettering of the lines. Thus 
Etn here stands for the maximum e.m.f. which is the great¬ 
est vfJue that the e.m.f. attains during the cycle. If the 
diagram represented the water current, this line would be 
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lettered which stands for the greatest value that the 
current attains during its cycle. The method of obtaining 
the amount of this maxunum value of the e.m.f. is explained 
in the following paragraph. 



Fig. 24. Coil ilB is paasing throng Fig. 26. The vector diagram of 
the zero positbn and ia cutting the e.m.f. in the coil of Fig. 24. 
no linpfl of force. The e jn.f. at this instant is zero. 


We have seen that a line drawn from the end of this 
vector down to the horisontaJ represents the instantaneous 
current. Such a line would also repre- 
JjM sent the instantaneous e.m.f. in this 

case. But the vector is exactly on the 
( horizontal, so no 

I line can be drawn . 

f from the end of it 

y down to the hori- 

zontal. Therefore o 

* ’^ * '^ * * * the instantaneous 
Fig. 20. The coil AB yg2u0 jg aero when 
is tl^^ ft Jg ^jg 2 ^^ ipj^g vector 


is pa^ tough a ^ Jg thig 

position 30® from the 

zero position. An position. Thiswe 
e.m.f. is induced have seen to be 
which tends to send ft the case, since the 
current out at A and ^^jj j^ getting no 
tn at B. 1.0 0 


IG. 27. The vector 
diagram of the e.m.f. 
in the coil of Fig. 26. 
The line ci represents 
the value of the e.m.f. 
at this instant. 


currmi owt aL n ana ^^jj jg getting no at this instant. 
matJj. .. .. 

lines of force. 

When the coil is passing through the position at an angle 
of 30° to the hoiizontaJ, Fig. 26, there is an e.in.f. induced 
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which tendB to cause a curreat to flow out at A. Test this 
by “the right-haud rule for induced e.mi.'’ '* 

Fig. 27 represents the vector Em in this position, just as 
it might represent a crank in this position. The line ei 
represents the voltage that is bang induced across the coil 
when it is passing through this position, just as it might 
represent the current flowing through a pipe line when the 
crank was at this position. 

But ei is merely that fraction of Em which is represented 
by the one of the angle 30°; thus 

Cl = m 30°. 

Assume Em = 250 volts. 

ft = 260sin30° 

= 250 X 0.600 
» 125 volts. 

That is, if the TnariTniiTn induced voltage across the coil 
were 250 volts, there would be only 125 volts induced when 
the coil was at the 30° position. But when the coil had 


i 



Fia. 28. Hie ooil AB ia paamng 
through the 60° poaitian. 



a 

N 

01 

0 



L 

Fig. 29. The vector diagram 
showing the value of the e.m.f. 
in the ooil in Fig. 28. 


reached the 60° position, Fig. 28, it would be cutting lines 
faster, since it would be moving more nearly straight across 
them. Thus the induced voltage would be greater at the 60° 

* See Timbie’s “Elements of Eleotrioilyi” Art. 106, page 160. 
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than at the 30° positioii. To find the value we draw the ve&> 
tor at an anf^e of 60° to the horizontal, as in Fig. 29. The 
line Si then represents the voltage at this instant. The 
equation for the value of ai is apparent from the Hin £rn.'m. 

en 250 sin 60° 

« 260 X 0.866 
= 217 volts. 

When the coil has reached the 90° position, Fig. 30, it is 
moving across the lines of force directly at right angles and 
is therefore cutting them at the greatest rate. The in¬ 
duced voltage is therefore maximum at this instant. 



Fig. 30. The coil AB is passing 
through the 90^ position. 



Fig. 31. Vector diagram of e.m.f. 
in coil at 00° position. 


Fig. 31 is the vector diagram for this mstant and shows 
that the mBtantaneous voltage line must coincide exactly 
with the maximum voltage line The equation also 
shows this fact. 

Let e = instantaneous e.m.f. when the angle is 90®. 

Then e = jB*, sin 90® 
sin 90® = 1 

6 = X 1 

If is 260 volts, then 6, at this instant, equals 250 volts. 

Pig. 32 shows the vector diagram of e.m.f. when the coil 
has reached the 120® position. The vector is drawn at 
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aa angle of 120*’ from the horizontal, and eg lepnesenta the 
value of the induced voltage at this instant. By the equa- 

ei => sin 120° 
sin 120° » sin (180° — 120°) 

E3 Bin 60°. 

e* = sin 60° 

= 250 X 0.866 = 217 volts. 

When the coil has reached the 180° position, it has again 
ceased cutting lines of force, and therefore the induced 
e.m.f. has again dropped to zero. 



Fig. 32. Vector Hittgram of the Fig. 83. The vector diagmin of 
e.m.f. when the coil boa reached the e.m.f. when the coil ia at 
the 120“ poaition. the 180° poaitioa. 

Fig. 33 is the vector diagram for this instant and the > 
equation obtained from it is 

e = sin 180° 
sin 180° = sin (180° - 180°) 
sin 0° 

= 0 . 

Thus e = 250 X 0 

= 0 . 

When the coil has passed the 180° poaition, it begins to 
cut lines in the opposite direction, os is seen from Fig. 34, 
where the coil is moving through the 210° position. Thus, 
the voltage which is induced is in the opposite direction 
and to send a current in at A instead of out as before. 


tion: 

Thus 
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Fig. 35 is the vector diagrajn for the voltage at this in- 
Btant. Note that the instantaaeous voltage line 6i is be* 
low the horizontal and therefore has the negative sign. 



Fig. 84 The coil AB is moving 
through the 210** poeition and 
the ejni. has been reveised. 



Fig. 86. Vector diagram showing 
the e.mi. when the coil is pass¬ 
ing the 210" position. 


which means merely that the induced e.m.f. has changed 
direction. The value of 6i can be found as usual from the 


equation: 



€i = sin 210®^ 
sm210° sin (210** - 180°) 
= — sin 30° 

= -0.500 

ei = 260 X (- 0.600) 

= — 125 volts. 


As the coil proceeds; the e.m.f. in 
this reversed direction becomes larger 
Fig. 36. Vector diagram and larger until it reaches a maximum 
of the e.mi. when the value at the 270° position as seen from 

This max. 

imum value is exactly equal to the 
maximum value when the coil was at the 90° position. It is 
merely tending to send a current in the opposite direction 
and thus has the negative sign. 

The induced e.m.f. now begins to decrease as the coil 
continues to revolve, until it agmn becomes zero, just as the 


ALTBSNATINQ CURBENTa. FUNDAMENTAL IDEAS 51 


ooil baa completed 360° and is starting the cycle over again. 
During each revolution the induced e.m.f. goes through this 
cycle of values, having two zero positions (0° and 180°) and 
two Tnaximum positions (90° and 270°). To represent the 
instantaneous values at all instants, we plot the sine curve, 
just as in the case of the alternating current of water in the 
pipe line from the pump. 

Fig. 37 is the sine curve, flapiitniTig 250 volts maximum 
value of the induced ejn.f. Note that the voltage is con- 



Fig. 37. Sine curve showing the values of e.m.f. throu^ut an entire 

qycle. 

tinually changing, and if we wish to indicate its value we 
must state that it is for a given instant only. For the next 
instant, either before or after, the voltage will be either 
greater or less. Fig. 37a is an oscillogram from the Pro¬ 
ceedings of the A.I.E.E. and shows the curve of the terminal 
voltage of a 6600-volt generator. Note how closely it fol¬ 
lows the form of a sine curve. 

Every modem alternator maintams an alternating e.m.f. 
having approximately this wave form. The closer the ap¬ 
proximation, the better the machine, other things being 
equal. 

A machine with a wave form essentially different from 
this standard sine curve would be of little use in a modem 
plant. To be sure, commercial alternators are not built of 



62 


ALTEmATlNQ-CVRBENT ELBCTBICIT7 


am^e coils revolving in a bipolar field. Modem types have 
several pairs of poles and a large number of coIIb, and in 
most cases the poles, instead of the armature coils, revolve. 
The em.f. induced in each coil is not necessarily a muft curve, 
but a number of coils are so arranged that the ejQ.f. across 
the combination has this standard form.* 


Fig.. 37a. Curve 16. — Potential wave no load. 160 kv-a., GO-t^cle, 

tiiiee-phaae generator, 1} slots per phase per pole. Proe. A.I.E.B. 

It is necessary, therefore, for us to think of this cycle of 
values of an alternating e.m.f. apart from the coil in which 
it is induced. Accordio^y, we divide up each Qrcle into 
360 degrees, regardless of the mechanical position of the coil 
throu^out the cycle. We call these divisions “electrical 
degrees’* to distinguish them from the units of angular 
measure. 

An “electrical degree” therefore means a s^i^th part of the 
“period” of the alternating e.m.f., or of the time required to 
complete one cycle of values. For this reason, an “elec¬ 
trical d^ree” is sometimes called also a “time degree,” 
ather term distinguishing it from a “space degree,” whi^ 

* The details of this construction are described and eiEplained in 
Ghapters VIll and IX. 
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refers to the mecbaiucal position of the coil in space or in 
rdation to the other parts of the machine. 

The “period” of the e.m.f. is the time required for a con¬ 
ductor to pass from a position imder an N pole to an exactly 
similar position under the next N pole; it is the time re¬ 
quired for a complete cycle of values of the ejn.f., or for the 
conductor to pass under a pair of poles. The e.m.f. induced 
in a coil therefore passes through as many (^des, during one 
revolution of the coil, as there are pairs of poles. Thus in 
a tfro-pole machine the e.m.f. passes through 360 dectrical 
degrees or one cycle in the same time in which it is passing 
through 360 mechanical degrees or one revolution. In a 
four-pole machine the ejn.f. passes throu^ 360 dectrical 
degrees twice during the same time in which it is passing 
once through the 360 mechanicd degrees; in an eight-pole, 
four times, and so on. 

Therefore, when an alternating eja.f. has passed throu^ 
a quarter of its cycle, we say it has reached the 90° position; 
when it has passed through half its cycle, 180°, etc. The 
coil in the meantime would have moved through but 10 
mechanical degrees if the machine has 18 poles, or 15 me¬ 
chanical degrees if it has 12 poles, corresponding in each 
case to 90 electrical degrees. For the time bdng, the motion 
of the coil is immaterial to us. We are interested merdy 
in the varying values of the e.m.f. produced during one 
cycle. Therefore, in the future, when we plot a sine curve, 
the horizontal ajds will be understood to represent the 
“electrical or time degrees” through which the quantity is 
varying; and when we draw a vector diagram, the angle 
which the vector makes with the horizontal will be under¬ 
stood to be measured in “electrical degrees,” since it repre¬ 
sents that part of a cycle already passed through by the 
alternating e.m.f. without regard to the position of any coil. 

Thus in Fig. 35 we think of the e.m.f. as having passed 
through 210° of its cycle and of ei representing the value at 
that instant. To be surej in the case in hand, the coil in 
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which tiiis volt^ was induced had also paesed through 
210° of its cycle. But this was a special case chosen for 
the sake of dearness. The position of the coil need not 
have coiref^onded to the number of dectrical degrees 
passed through; and would not have, but for the fact that 
the fidd was bipolar. 



Fig. 88. Bou|h due ourre diowing rdbtive value of the e jui. at the 
46° position. 

Notice how the following examples are solved without 
any reference to the method of producing the alternating 
e.mi. 


Example 4, 


A 


.it 


What is the instantazieouB y^ue of an ^temating 
ejn.f. when it has passed through 45^^ of its 
cyde? The msjriniuTn value is 600 volts. 

First. Sketch rou^y the erne curve as in 
Fig. 38. 

Second. Draw the vector diAgraTn as in 
Eg. 39. 

Third* Write the equation: 


Eg. 30. Vector disr 
gram showing the 
value of the e^ni. 
at the 46° position. 


s " .Ew sin ^ 

= 600 sin 46® 
- 600 X 0.707 
“ 424 volts. 


Solve as above, using sine curve, vector diagram and equa¬ 
tion for each problem. 

Prob. 20-2. The maxiTnum value of an alternating e.m.f. is 
2200 volts. What is the instantaneous value when 66® of the cycle 
have been completed? 

Prob. 21-2, What is the instantaneous value of e.m.f. of 
Prob. 20 when it has passed throu^ 200® of its cycle? 
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Prob. 2^2. The inatantaneouB value of an alternating e.ini. 
is 1400 volts at 75**. What is the maxiTnuTn value? 

Prob. 28-2. The vcdue of an alternating e.mi. is 450 volts 
85** after its zero value. What is it at 135**? 

Prob. 24-2. Plot the sine curve, to some convenient scale for 
one complete cycle for Prob. 23. 

Prob. 26-2. The maximum value of an alternating e.mi. is 
800 volts. What are the instantaneous values at the following 
instants: 20**, 80**, 130", 210**, 300**, 340**? 

Prob. 20-2. How much of its cycle has the ejni. of Prob. 22 
completed, when the value is 300 volts positive and inareasing? 

Prob. 27-2. What vidue and what sign will the instantaneous 
voltage have when an e jni. has comideted two-thirds of its cyde 
if & is 2300 volts? 

Prob. 28-2. At what four instants in One cycle will the ejni. 
of Prob. 27 have the value of 1000 vdts? 

l6. To Find the Maximum Value of an Alternating 
E.M.F. We learned, when studying the direot-ourrent 
generator, that the total number of lines cut per second by 
a conductor determined the average value of the voltage 
induced in the conductor. Thus 

. ^ lines cut per sec. 

ky.E -jgjj- 

Now, if the several conductors which malm up a coil ore 
bunched or concentrated,* there is practically the same vol¬ 
tage induced in each conductor at any given instant. The 
aver^ voltage in the coil at any instant is, then, merely the 
voltage in any one conductor multiplied by the number of 
conductors in the coil. 

Of course in an armature where the conductors making 
up a coil ore distributed * over the core, all ore cutting at 
dififerent rates at any given instant. The aver^ voltage 
across such a coil is clearly not the voltage across each con¬ 
ductor multiplied by the number of conductors. 

* See Art. 102. 
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Thus, to find the average voltage induced in an alternator 
using an armature 'with concentrated windings, we use the 
above equation, taking into consideration the number of 
conductors in each coil 

To find the mamruuu value of the induced e.m.f. of such 
a generator it is merely necessary to know what part of the 
marimum this average value is. 

Since half of the instantaneous values of an alternating 
e.m.f. are negative and half are positive, and since the 
negative values are exactly equal to the positive values, the 
average of a complete cycle of values must be zero. But 
the actual average value of the ejn.f. of a generator, as is 
seen from the above equation, is not zero. It 'would be 
just as reasonable to say that the actual average value of 
the pressure exerted by the piston of the water pump of 
Fig. 9 is zero, just because the pressure alternates 'with e^ual 
values in opposite directions. The actual average value in 
both cases is the average of all mstantaneous values regard¬ 
less of signs, which indicate direction only. 

The average value of an alternating e.m.f. can be found 
very easily by plotting a number of the instantaneous 
values at equal intervals throu^out the cycle and finding 
their average. Since the average values for the second, 
third and fourth quarters of the cycle would be the same as 
the average value of the first quarter, we need plot the first 
quarter cycle only. 

Prob. 20-3. Let the muyirmiTn e.m.f. for oonvonienco be taken 
as 100 volts. Compute the instantaneous e.m.f. for every 2° dur¬ 
ing the first quarter of a cyde. Start with 1**, 3°, 5°... to 80°. This 
wilL edve 45 instantaneous values. The sum of these values divided 
by 46 will give the average value of the e.m.f. for the first quarter, 
which equ^ the average value for the whole cycle os ermhuned 
above. What fraction is this average value of the maYimuTn value? 

The result of 'the above problem sho'ws that the average 
value of an altemating e.m.f. is approximately equal to 
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0.636 of the mariTmim value. In the form of an equation 
this may be written, 

. Av. 6 = 0.636 
or 

jE?» = 1.57 Av. e. 

Thus to find the maximum e.m.f. which a generator with 
concentrated armature windings delivers, we have merely to 
find the average e.m.f. and multiply by 1.67. This is about 
the only connection in which we ever use the average value 
of an alternating e.m.f. 

Example 6. What is the niaxiimim voltage generated in a 
coil of a drum armature consisting of 300 series conductors, concen¬ 
trated winding, which has a speed of 1200 r.p.m.? con¬ 

ductor cuts twice through a field of 1,500,000 li^ of jorce during 
each revolution. 

Unea out per sec. 

-iS- 

^ 1,600,000 X 2 X 1200 X 300 
10®X60 

= 180 volts. 

1.67 Av. 6 

= 1.67 X 180 

= 283 volts. 

Prob. 80-2. What is the instantaneous value of the voltage in 
above example when 40** of the cycle have been completed? 

Prob. 81-2. A bipolar a-c. generator with a drum armature, con¬ 
centrated winding, has a speed of 2400 r.p.m. The field of each 
pole has 2,600,000 lines of force. Number of series conductors in 
each path on armature is 600. What is the maximuin value of 
the ean.f. generated? 

Prob. 82-2, What is the instantaneous value of the e.mi. 60° 
after the zero vfdue in Prob. 31? 

Prob. 88-2. A 4-pole 2-brush a-c. generator a drum-wound 
armature with 2000 series conductors in each path, concentrated 
winding. Speed is 1200 r.p.m. Mux from each pole is 2,400,000 
lines. What is average e.m.f.? 

Prob. 84r’2. What is maximum value of e.m.f. of Prob. 337 
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Prob. 8&-S. What is the instantaneous value of the ejni. of 
Prob. 33 when 46** of its cycle have been passed through? Would 
the 45*’ position of the e.m.f. vector be reached at the instant in 
?duoh the armature had turned 45 space degrees from its zero or 
neutral position? 

Prob. 8^2. In an alternator, one set of coils containing 200 
concentrated conductors is being out 8 tunes each second by lOF 
lines. What maximum voltage is induced in the coils? 

Prob. 87-2. What is the voltage in coils of Prob. 36 when ^ 
of the cycle is completed? 

Prob. 8B-2. How much of the cycle in Prob. 36 is complete 
when the Instantaneous emi. is 80 volts positive and increasing? 

Prob. 88-2. It is desired to generate a TnAYiTmiTn alternating 
e.mi. of 10,000 volts. The number of concentrated oonductois in 
series in ea^ path of the armature is 500. There are two poles 
and the machine is run at a speed of 2400 r.p.m. How many liTiflH 
of force must there be in the field? 

Prob. 40-2. A 4-pole 2-bruah a-c. generator has 1000 concen¬ 
trated conduotoiB in series on the armature. Flux from each pole 
is 6 X 10^ lines. It is desired to generate a voltage of 7550 nuud- 
mum. At what speed must machine run? 

Prob. 41-2. What would be the instantaneous voltage when 
the em.f. of Tnachino in Prob. 39 had completed 165*^ of its cycle? « 

Prob. 42-2. What would be the average voltage of the gener¬ 
ator in Prob. 40 if the speed were reduced one-half and the 
flux doubled? 

Prob. 48-2. (a) What is the frequenoy of the generator in 
Prob. 31? (6) Of the generator in Prob. 397 (c) In Prob. 40? 

17. Alternating Currents of Electricity. It is natural to 
expect that when an altemating e.m.f. of sine wave form is 
impressed upon a circuit, an alternating current of the same 
wave form wiU be set up in the circuit; and this is the 
fact^except in a very few special cases which will be taken 
up later. 

The diagrams, Pig. 25-30, which have been drawn to 
show the relation between instantaneous values and the 
maxiTnum value of alternating e.m.f., serve just as well to 
diow the relation between instantaneous values and the 
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m^jrirmim value of altematmg current. We have merely to 
put ill Imj in, ii, ^ ii, eto-i in the place of ^ ^ etc.^ and 
all diagrams show current instead of voltage relations. 

The same three methods that we used for e.m.f. values 
can be used to solve problems in current values. 

(1) Thus in Fig. 40, which is identical with Fig. 37 ex¬ 
cept for the lettering, is the current at 30° from aero 



Fig, 40. A sme curve of altematLog current 
showing the values at eadi instant. 



Fig. 41. Vector dia¬ 
gram of the current 
showing the instanta¬ 
neous'^ue (4) after 
80** have elap^. 


value, ii the value of the current at 60°, and at 90°, etc. 
The current thus follows a curve of the same shape as that 
of the ejnS. 

(2) The instantaneous values can also be represented by 
a vector or clock diagram, as in Fig. 41, which is identical 
with Fig. 27 except for the lettering. Im represents the 
maximum value of the current, and ii represents the value 
of the current at the instant 30° after the zero value; 4i is 
equal to 7« sin 30°, and can be found from the general 
equation: 

(3) i = J«Bin<^; 

when i = instantaneous value of an alternating current 
7« = maximum value 
4> == phase angle in electrical degrees. 

As in the case of the alternating e.m.f. it is best to use aU 
three methods for solving each problem. 
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Prob. 44-2. What ia the instantaiieoiiB value of an alternating 
Guiient at 20° phaee? The maximum value is 66 amperes. 

Prob. 46-2. What is the TnftYiTnnm value of an alternating 
current when the value at the 66° instant is 114 amperes? 

Prob. 46-2. What are the instantaneous values x>f current in 
Prob. 46 at the 180° instant; 200°; 300°? 

18. Effective Value of Altematmg Current. Just as 
the average value of an alternating e.m.f. equals 0.636 of 
the TnftTiTniiTn value, so the average value of an ^temating 
current equals 0.636 of its Tnajamum value. But we do not 
measure an altematii^ current by its average value, so this 
fact ia of little use. We use instead what is called the 
effective value of the current, for the following reasons. 

An alternating current really has no unit of its own, so 
we measure it in terms of the direct-current unit — the 
ampere. To have the altemating-curreiit ampere exactly 
equal the direcircurrent ampere, it must produce the same 
effect as the direct-current ampere. Now an ampere is 
defined as that steady rate of flow which will deposit a 
standard amoimt of sUver from a standard solution in one 
hour. But an alternating current is not a steady current 
and neither will it deposit any silver from a solution; since 
whatever it deposits during one-half a cycle it takes off the 
next half, when it is flowing in the reverse direction. 

Acoordin^y, in order to compare the alternating with the 
direct current, we must use some other property, which 
both kinds of current possess. The most natural is the 
heating effect of each. 

Therefore an alternating current is said to be equivalent 
to a direct current when it produces the some average 
heating effect, under exactly similar conditions. This value 
is called the effective value of an alternating current, and is 
equal to the amperes of the direct-current equivalent. It 
is somewhat greater than the average value, being equal to 
0.707 of the maxinruim value. 
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Why the effective value is greater than the average value, 
oaa be explaiiied as follows. 

The heating effect of any electric current is proportional 
at every instant to the square of its value at that instant. 
Therefore the heating effect of an alternating current during 
any period of time would depend upon the squares of all the 
instantaneous values during that length of time. It would 
not do to get the average of all these instantaneous values 
and square them in order to find the average heating effect. 
This average heating effect can be found only by squaring 
all the instantaneous values and then averaging these. 

At first thought it might be supposed that it makes no difference 
whether we find the average of the values first and then square 
them, or square the values and then find the average. Suppose we 
tiy this on two simple values like 4 and 6. 


Squaring them first 

4 X 4 - 16 

6 X 6 - 36 


2)^ 

Average of the squares 

= 26 

Avera^ng them first 

4+6 - 

2 


6 X 6 = 26. 

Square of the average 

«=25. 

Average of the squares 

-26. 


This shows clearly that the average of the squares of numbers is 
greater than the square of the average of the numbers. 

We have seen that the heating effect depends upon this 
larger value — the average of the squares. Our problem is 
then to find some number, which when squared will be equal 
to the average of the squares of all the instantaneous values. 
This number is found by squaring all the instantaneous 
values first, averaging them, and then taking the square 
root of them. This value then is the number of both direct- 
current amperes and alternating-current amperes which 
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would produce the same heating effect; the heating effect 
of each current being proportional merely to the square of 
this number. 

The effective value of an alternating current is thus often 
called the ‘‘square root of mean squares,” or the R. M. S. 
(root-mean-equare) value because it can be found by squar¬ 
ing a number of the instantaneous values in a cycle, 
finding the average of these squares, and then extracting 
the square root. This effective value of an alternating 
current is the current which the a-c. ammeters indicate 


and is the value by which alternating currents are meas¬ 
ured, unless it is definitely specified otherwise. 

-- That the effective value is equal 

-- to 0.707 of the maximum value can 

be shown by the following problem. 

R=4 Ohma Prob. 47-2. Assume an altematiiig 

^jurrent, for convenience say of 10 am¬ 
peres maximum value, and a frequency 
of 25 cycles. It is desired to detez^ 
mine the direct current to which it is 
equivalent; that is, its effective v^ue. 
Assume for convenience this current to run through a 4-ohm wire 
immersed in water in a calorimeter, Fig. 42. 



Fio. 42. The alternating cun- 
rent will heat the 4-olim wire. 


Construct on fine coordinate paper a sine curve of cur¬ 
rent Fig. 43, having a maximum value of 10 amperes, 
using at least 10 instantaneous values of current for each 
loop. 

The rate, in calories per second, at which heat is given off 
by each instantaneous current thus drawn would equal 
(0.24 iZ) times the square of this instantaneous current. 
Therefore, square each value of i, and multiply the result by 
0.24 X 4, or 0.06, and plot curve H and Hi from these val¬ 
ues. Note that the square of a negative (i) is positive; 
thus El is above the line. The area included in these 
loops represents and is directly proportional to the heat 
given off by all the instantaneous currents during one com- 
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plete cycle. This is seen to be true from the fact that the 
area of the loops equals the average length of the ordinates 
multiplied by the abscissa. The ordinates equal 0.24 
and the abscissa are time units. Thus the product of the 
ordinates times abscissa equals heat. 



Fig. 43. The area of the loops E and Hi represent the heat given off 
in one cycle. 

Since the horizontal axis represents the time second)^ 
the area of these two loops must be the total amount of heat 
which wa^ generated during ^ second. Find the area by 
noting the number of the smallest squares of the cross- 
section paper which the curves cover. 

Compute from the equation H = 0.24 P Rt the value of 
a direct current which would develop the same amoimt of 
heat in this resistance in ^ second. This is the effective 
value of the above alternating current. State what part of 
the maximum value, 10 amperes, this effective value is. 

Prob. 48-2. The Tnaximum value of an alternating current is 
4 amperes. Plot the sine curve of one cycle of this current. Find 
the instantaneous values for every Square these instan- 
tmeous values and find the average of the squares. Extract the 
siiuare root to find the effective current. What fraction of th^ 
maximum current is this effective current? 
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From each of the above problemB it is found that the effectiye 
value of an alternating ourrent is Approximatdy 0.707 of the maxi¬ 
mum value. By an equation this may be stat^^ 

/-0.7071m 

or 

/«-1.41/. 

But 1.41 = V2. 

According the equation is often written 
7«-V2/ 



where /»TnaximuTn v^ue of the current. 

I — effective value of the current. 

19« Effective Value of Altematiiig E.M.F. Since the 
sine wave is also the standard wave form for an alternating 
ejn.f., the effective value of the ejn.f. is also 0.707 of the 
maximum value. This relation is expressed by the equa¬ 
tions Tl 

^ = 0 . 707 ^* = ^) 

V2 

or En^lAlE=V2E, 

where E^. = maximum value of ejn.f. 

E = effective value of ejn.f. 

When we i^eak of an alternating current of so many 
amperes and an alternating ejn.f. of so many volts, it is 
always the effective current and the effective voltage that'is 
understood. The effective values are the standard values 
of alternating-current quantities, and instruments are grad¬ 
uated to read in terms of effective values. 

The effective values of current and vdltage may also be 
used in the vector diagrams instead of the maximiim values, 
since the effective value is always the same definite frac¬ 
tional part of the maximum value of a sine wave. This 
merely amounts to increasing the scale of the diagram. 
However, if it is desired to use such diagrams for obtaining 
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instantaiieous currents and voltages; it is neceasaiy always 
to multiply the values taken from the diagrams by or 
1.41, 

Example 6. What is the effective value of an alternating cur¬ 
rent whose maxiTPum value is 48 amperes? 

I = 0.707 X 48 - 33.9 amperes. 

Prob. 40-2. The effective value of an alternating current is 
15 amperes. What is the greatest instantaneous value of this 
current? 

Prob. 50-2. What is the average value of the ounent in Prob. 
40? 

Prob. 61-2. The effective value of an alternating current is 
250 amperes. What is the instantaneous value at the 30° instant? 

Prob. 62-2. What is the effective value of an alternating 
e.m.f. if the instantaneous value at 50° is 500 volts? 

Prob. 63-2. What is the effective ejni. in Prob. 30? 

Prob. 64-2. What is the effective voltage in Prob. 31? 

Prob. 66-2. What would a voltmeter read if put across the 
terminals of the machine in Prob. 33? 

Prob. 66-2. If you put a voltmeter across the terminals of the 
generator of Prob. 36, how much would it indicate? 

Prob. 67-2. At what speed must generator in Prob. 39 run to 
generate 10,000 volts? 

Prob. 66-2. At what speed must generator in Prob, 39 run in 
order to generate 7550 volts? 

Prob. 69-2. It requires about 200 ampere altemating current 
to thaw out in a given time an ordinaiy i-inch lead water pipe 
which has been frozen. If direct current were used, how many 
amperes would be needed to thaw out the pipe in the same time? 

20. Relation Between Effective E.MJ'. and Effective 
Current. Impedance. When studying direct currents 
we found that a certain ratio always existed between the 
voltage across the circuit and the current flowing throu^ 
the circuit. This ratio we called the resistance of the circuit. 
Thus, if it required 20 volts to force 10 amperes direct 
current through a circuit, it would take 40 volts to force 20 
amperes, or 10 volts to force 6 amperes, and we said that 
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the resifitance of the circuit was 2 ohms. That is, the ratio 
of the voltage to the current was 2, or we require two volts 
pressure to produce each ampere of ouirent. 


E 

I 


2 . 


We express this by the equation 



where E — direct ejn.f. in volts. 

I = direct current in amperes. 
B = resistance in ohms. 


Similarly there is a certain ratio between the alternating 
voltage of a given frequency ELcross a circuit and the alter¬ 
nating current which it will force through the circuit. 

But this ratio is usually not the same as the ratio would 
be between the direct voltage and the direct current in the 
same circuit. Thus 20 volts alternating e.m.f. may not 
force just 10 amperes alternating current through a line 
through which 20 volts direct e.m.f. would force 10 amperes 
direct current. 

Accordingly, we call the ratio between the altematmg 
ejn.f. of a given frequency and the current which it forces 
through a given circuit, the impedance of the circuit for 
that frequency and magnetic condition of the circuit, in 
order to distingnish it from the resistance. The impedance 
is measured in ohms, just as is resistance. We write it in 
the form of an equation 

Effective ejn.f. , ^ ^ 

or E - 

j=Z, 

* Since It does not affect the value of the ratio if maximum values 
are used for both numerator and denominator, when the current and 
ejn.f. both have sine wave form the equation may be written 
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where E = effective altematiiig e.m.f. ia volts. 

/ = effective alteraatmg curreat in amperes. 

Z » impedance in ohms. 

Thus, if it requires 20 volts alternating e.m.f. to force 10 
amperes through a circuit, we would say that the impedance 
of the circuit was f or 2 ohms. 

The resistance of the same circuit may be considerably 
less than 2 ohms. The impedance of a circuit will be the 
same as the resistance only when there is practically no 
magnetic or electrostatic ^ect produced by the current. 
This is very rarely the case, and the impedance of an electric 
circuit is an important factor in alternating-current work. 

Example 6. What impedanoe has a drouit through which 110 
volts alternating e.mi. is able to force 5 amperes? 



B 22 ohms. 

Prob. 6(H{. The impedance of an dectric circuit under certain 
conditions is 40 ohms. How many amperes can 2100 volts force 
through this circuit under these conditions? 

Prob. 61-2. How many volts would be required to force 18 
amperes through the circuit in Prob. 60, aasuming all electrostatic 
and magnetic conditions to remain the same? 

Prob. 62-2. What is the TnA-TrimuTn value of the ouirent in 
Prob. 60? 

Prob. 68-2. An impedance coil tBikes 4.35 amperes when across 
a 110-volt a-c. system. What current will the same coil take 
when across a 440-volt a^. system, all other conditions remaining 
the same? 

Prob. 64-2. A transmission line carrying alternating current 
has a “drop” of 62 volts for 10 miles of line wire when transmit¬ 
ting 45 amperes. What is the impedance of the line per mile for 
the frequency and the spacing of line wires here used? 

Prob. 66-2. An electric circuit has an impedance of 25 ohms 
when an alternating current of a certain frequency is sent through 
it. What average value must the voltage across the circuit have 
when the maximum current is 32 amperes? 
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ALTERNATING CURRENT is the term used to distin¬ 
guish an electric current which flows back and forth in a circuit 
from a direct current which always flows in the same direction. 

A CYCLE is said to be completed when an alternating 
current has passed through one complete set of values in 
both direcflons. 

THE FREQUENCY is the number of cycles completed in 
one second. 

THE ACTION OF WATER IN A CLOSED PIPE 
SYSTEM, operated by a valveless pump driven by an engine 
with a dotted yoke, gives a fair picture of the action of elec^ 
tridty in a closed circuit The water current flowing through 
the system at any given time depends upon the speed of the 
piston, which in turn depends upon the position of the crank. 

The speed of the piston, and thus the amount of the water 
current, is exactly proportional to the sine of the angle ^ which 
the crank is making with the “ dead-center ” positioiL 

THE EQUATION for the water current flowing at any 
instant is 

i = sin ^ 

where i = instantaneous current 

Im = maximum current 
0 S3 angle which crank is making withdead- 
center ” position. 

THE SINE CURVE is also used to diow this relation be* 
tween current and crank position. This form of wave is nature’s 
standard, as illustrated by pendulum motion, etc., and has 
been adopted by engineers as the standard wave form which 
a n altern ating current should be made to follow. 

THE VECTOR DIAGRAM, a snap-shot picture of the 
current, is also used to show Ihis relation of current to crank 
position. The vector is a line drawn at the same angle to the 
horizontal that the crank makes to the dead-center ” posi¬ 
tion. The length of the vector when drawn to scale represents 
the maxuniim current in the pipe, and the vertical projection 

68 
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of the vector then equals the value of the current flowing when 
the crank is at that given position. 

AN ALTBRNATING EMS. of standard wave form goes 
through 'the same cycle as the water current in the above 
system, and is represented by tiie same equation, the same 
sine curve and the same vector diagram. 

The equation usually has the form 

6 = JBImSin^ 

where e = the instantaneous voltage- 

JEn = the maximum voltage 
4) = the degrees of flie < 7 cle which have been 
completed. 

A complete cycle is divided into 360 °; thus if a quarter of 
the cycle has been completed at any instant, 90 ^ are said to 
have been completed, etc. 

FOR A GENERATOR with concentrated armature winding: 


or 


. . number of lines cut per sec. 

Av. e jn.f. =- 5 - 1 

10 ® 


1-57 av. ejnJ. 


Av. 6 — 0.636 JEia. 


AN ALTERNATING CURRENT OF ELECTRICITT is set 
up by an alternating emJf. These currents usually have the 
same equation, same sine curve and same vector diagrams. 

THE EEFECTIVE VALUE OF AN ALTERNATmG 
CURRENT, whldi is the value always meant unless some 
other is spedfled, is that value in amperes of an alternating 
current which will produce the same heating effect as a direct 
current of the same number of amperes. The effective value, 
equals the square root of the average of the squares of all the 

instantaneous values, and is equal to 0.707 or times the 

va 


iriflTiTniiTn value. The equation is 
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where I — effective current in amperes. 

= maximum current in amperes. 

Simflaxly 

B = 0.707 JS 7 m, 

where B = effective emJ. in volts. 

The effective values axe often used in vector diagrams in* 
stead of the tnaiimum. 

IMPBDAITCE is the name given to the result obtained by 
dividing the effective value of an alternating emuf. by the 
effective value of the alternating current which it can force 
thiou^ a given circuit under given conditions. 

In an equation this is e:^eBsed 



Im 


B = IZ 




B 


where E is impedance in ohms. 



PROBLEMS ON CHAPTER H 

66 - S. The current in a piping system aunilar to Tig. 9 is 8 
gal./seo. when the crank is at the 70° position. What is the maxi¬ 
mum current which is forced through the system at this crank¬ 
shaft speed? 

67- 2. At what an^es is the crank in Firob. 66 when the current 
is 6 gal./seo. dockwise? 

68~2. At what aogleB is the crank in Prob. 66 when the current 
is 6 gal./Bec. oounter-dodcwise? 

69- 2. The maximuTn current in a pipe system siniilar to Fig. 9 
is 200 gal./mm. At what positions of the crank will the value be 
150 gal./min.? State m each case whether the current is dockwise 
or oounteisdockwise. 

70- 2. The equation for the instantaneous current in a system 
like Fig. 0 is t = 150 gaJ./hi. X sin 25°. What is the instan¬ 
taneous value when 145° of the cycle have been completed? 

71- 2. Through how many degrees from dead-center has the 
crank passed when the instantaneous value of the current in 
Prob. 70 is — 65 gal./hr. and dying? 

72- 2 . Through how many degrees has crank passed when the 
instantaneous value of the current in Prob. 70 is — 65 gal./hr. 
and growing? 

78-2. The instantaneous value of an alternating water-current 
is 160 gal./hr. when the crank, Fig. 9, is at the 75 *iipoaition. What 
is the instantaneous value when the crank is at the 215° position? 

74 - 2 . What is the instantaneous value of current in Prob. 73 
when the crank is at the 270° position? 

76-2. What is the instantaneous value of the current in Prob. 
73 when the crank is at the 90° position? 

76- 2 . At what positions of the crank would the current in Prob. 
73 be — 160 gal./hr.? 

77 - 2 . The instantaneous value of an alternating current is 
120 gal./hr. when the crank is at the 100^ position (Fig. 9). What 
is the value when the crank has reached the 180° position? 

71 
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78- 2. A 12-pole OO-cyde alternator baa 9 X 10^ lines per pole. 
There are 300 conductors concentrated in series on the armature. 
What mA-YiTrinm ejn.f. does machine generate? 

79 - 2. If machine in Prob. 78 were run as a 26-cyde generator, 
^hat TnftTimiim ejni. would it generate? 

80- 2. At what speed must generator in Prob. 78 be run to gen¬ 
erate a 40-cyde ejni.? 

81- 2. What would be the maximum voltage of generator of 
Prob. 80? 

82- 2. A generator produces an ejn.f. which has a maximum 
value of 1000 volts. What is the value of e.m.f. at an instant 
0.001 second after the maximum + value, if the frequency is 60 
oydes per second? 

88 -2. Suppose the sine wave of e.mi. referred to in Problem 82 
had a frequency of 25 cydes per second, what would be the value 
of ejni. 0.001 second after the maximum value + 1000 volts? 

84-2. In Problem 82 what would be the ejnJ. 0.01 second 
after the TnRTiTrmTn value + 1000 volts? 

86 -2. In Problem 83 what would be the e.mi. 1.25 seconds 
after the TnR^rimnm vdue + 1000 volts? 

86 - 2. What value will the ejni. in Problem 82 have at an in¬ 
stant 0.001 second before the maximum value + 1000 volts? 

87- 2. What are the values of the e.m.f. at instant 0.001 second 
before and 0.001 second after the zero value, if the maximum in¬ 
stantaneous value is 1000 volts and the frequency 25 cydes per 
second? 

88 - 2. The value of the ejni. of a generator is +100 volts at 
an instant 0.001 second after the zero value. What is the maxi¬ 
mum value of the sine e.mi. wave, if the frequency is 60 cydes 
per second? 

89- 2. What is the maximiim value of the e.m.f. of tlie generator 
of Problem 88, if the frequency is 25 cydes per second, other tilings 
being equal? 

90- 2. There is a time interval of 0.01 second between two suc¬ 
cessive zero values of the e.mi. of a generator, whose variations 
are represented by a sine wave. What is the frequency of tlie 
e.mi. in oydes per second, and what is the period in seconds? 

91- 2. The interval of time between the maximum values of 
e.m.f. + 1000 and — 1000 volts in a drouit carrying alternating 
current is 0.004 second. If the e.m.f. is varying according to the 
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sine law, what is the value at an instant 0.001 second after + 1000 
volts? 

92-2, In the oirouit referred to in Problem 91, what is the value 
and direction of the e.m.f. at an instant 0.001 second after the 
vcJue + 300 increasing? 

98-2. A generator whose e.m.f. alternates according to the sine 
law is turned very slowly but at uniform speed, with constant 
held excitation of normal value, and no load. A direct-current 
voltmeter attached to its terminals deflects alternately above and 
below the zero mark, reaching the maxiTmun podtive value of 
125 volts just 44 times in 52 seconds by careful count. If this 
machine h^ 8 poles, what must have been its speed in revolutions 
per minute? 

94- 2. At what speed in r.p.m. must this generator in Prob. 93 
turn in order to give its rated frequency of 60 cycles per second? 

95- 2. When driven at this speed with the same held excitation 
as in Problem 93, what will be the maxiTmim vdue of the e.mi. 
produced? 

96- 2. How many space degrees does the armature of the gen¬ 
erator in Prob. 94 move through, during the shortest time required 
for the e.mi. to change from + 000 to — 400 volts? 

97- 2. The e.m.f. of a generator, varying according to the sine 
law, has a value of + 120 volts at a certain instant, and rises to 
the mRYiTnnm value, + 600 volts, 0.0012 second later. What is 
the frequency, in cycles per second? 

98- 2. A chronograph, or time-marking device to indicate ex¬ 
tremely gTTnn.11 intervalB of time, is made by drawing a strip of 
paper between two needle points connected to the terminals of a 
high-tension 8-pole generator whose e.mi. varies according to the 
sine law, and has a mRyiTYmm value of 1100 volts. The paper is of 
such kind and thifiknegg that it punctures when the e.m.f. reaches 
1000 volts, and there is a high resistance in circuit to prevent an 
arc from forming after the spark passes. Draw a sketch showing 
what you think the record would look like if the paper were drawn 
in a straight line between these needle points at a speed of 1 foot 
per second, while the generator is being turned at 1500 rev. per 
minute. Dimension all parts of the sketch. 

99 - 2. Suppose the distance between the middle of adjacent per¬ 
forations on the strip were 0.15 inch, the speed of the generator 
having been measured as 1456 r.p.m. at the time the record was 
tftkffTi. What period of time did each inch of lengtli of the strip 
represent, the perforations being uniformly distributed? 
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100 -2. Sketch the appearance which the record taken as in 
Problem 98 might havCi if the field excitation were adjusted to 
give a TnuTiTniiTn e.mi. of 2200 volts. From a comparison of the 
results of these two problems, state how the voltage should be ad¬ 
justed to get the greatest accuracy in the time record. 

101 ‘-2. The pole pieces of a certain a-e.-generatOr are so de¬ 
signed that the e.mi. induced in each individual conductor on the 
armature varies according to the sine law, the speed of rotation of 
the armature being perfectly steady at every instant. The actual 
speed of the conductor is 4308 f^ per minute. The generator 
has 6 poles. The active length of each conductor is 18 inches 
and the TTiftTimnni value of e.mi. induced in it is 1.8 volts. 
Calculate the flux density in lines per square inch at the middle of 
the pole where the flux is most dense, and also at points 10, 20, 30, 
40, 60 and 60 mechanical degrees either side of this point. 

102 -2. Construct a table of possible speeds for 60-cycle gener¬ 
ators having various numbers of poles up to 40. 

108-2. Construct a aiTm'iRr table for a line of 25-cyQle gener¬ 
ators. 

104-2. A reciprocating pump such as illustrated in Fig. 9 de¬ 
livers 500 galbns per minute, and makes 30 single strokes per 
minute. 

Calculate: 

(а) The marimum rate, in gal. per minute, at which water is 
ddivered at any instant during a stroke. 

(б) The rate of flow as the crank passes dead-centers. 

(c) The rate of flow as the crank passes successively throu^ po¬ 
sitions 22.6°, 46°, 67.6°, 90°, 112.5°, 136°, 157.5° and 180° from 
dead-center. 

(d) From these results, the average rate orflow, gal. per minute, 
for one compete stroke. Compare this average with the value 
of 600 gcd. per minute which was assumed at the beginning of 
the problem. Explain the difference, if any exists. 

106-2. By use of the eiae equation for rate of flow, calculate 
the rate in gal. per minute for the pump in Prob. 104 at successive 
instants 0.1 second apart, starting from dead-center and continuing 
until the other dead-cento is reached. Calculate the average rate 
of flow from these values. Compare this result with that ob¬ 
tained in the preceding problem, and explain the difference, if any 
exists. 
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106- 2. How many conductors must be added to the armature 
of the generator in Iteb. 80 so that it may run as a iO-cyole maohine 
and deliver the maximum e.m.f. of Prob. 787 

107- 2. It is desired that the generator in Prob. 80 deliver the 
same TnaTimiiTn e.m.f. that it does in Prob. 79. If the change, is to 
be produced by chani^ the field strength, by how many lines 
must each pole be weake^ or strengthened? 

108r.2. A 60-cycle alternator having 24 poles with 3 X lO*’ lines 
per pole delivers an average e jni. of 2000. How many conductors 
are there in series on the armature the winding being concentrated? 

109- 2. What is the Tnfl.TiTnnTn voltage of generator in Prob. 108? 

110- 2. At what speed does generator of Prpb. 108 run? 

111- 2. At what speed would generator of Prob. 108 run to de¬ 
liver a 40-cycle ejn.f.? 

112- 2. What would be the Tn^mmini voltage of the generator 
in Prob. Ill other things being equal? 

113- ^2. By how many lines must the field of each pole of gen¬ 
erator in Prob. Ill be increased to raise the maximum e.m.f. to 
that of generator in Prob. 108? 

114- 2. What is the instantaneous positive value of the e.mi. of 
generator in Prob. 108, of a second after it has passed through 
a zero value? 

116-2. What is the instantaneous positive value of the e.mi. of 
generator in Prob. Ill, 7^77 of a second after it has passed through 
a zero value? 

116- 2. What fraction of a second after passing thrdugh a maxi¬ 
mum value will the instantaneous e.m.f. of generator in Prob. 31 
first be 100 volts? 

117- 2. What fraction of a second after passing through a maxi¬ 
mum value will the instantaneous ejni. of the generator of Prob. 
67 first be 100 volts? 

118- 2. What e.m.f. do^ generator m Prob. 40 generate? 

119- 2. An incandescent lamp takes an alternating current of 
0.5 amp. What TnuTinnnTn value does the curr^t through the 
lamp reach? 

120- 2. Assume 80 % of the power taken by the lamp in Prob. 
110 is given off in heat. How many calories per hour does the 
lamp radiate, if the resistance is 200 ohms? 
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121 - 2. How many oalories would the lamp in Frob. 120 radiate 
per hour if a direct current of the same number of amperes were 
flowing throu£^ it? 

122 - 2. How many calories of heat are generated in one minute 
in a 40-ohm resistance by the passa^ of 150 amperes of altemat- 
ing current? 

128-2. How many amperes of direct current would be required 
to generate the same amount of heat in the resistfmoe of Prob. 122 
in the same time? 

124-2. The heaters in trolley cars of average size require about 
0 amperes direct current. The resistance of a heato averages 
61 ohms. How many B.t.u. per hour are used in heating such a 
oar? 

128-2. What would be the maximuTn value of an alternating 
current which would deliver the same amount of heat through the 
same resistance to the car of Prob. 124 in an hour? 




CHAPTER m 

SERIES AND PARAUEL CIRCTJITS 

VOLTAGB AND CTJBSBNT BBLATIONS 

21. Alternators in Series: in Same Phase. If two direct- 
current generators, one deliyering 110 volts and the other 
90 volts, are joined in series, as in Fig. 44, the combined 
voltage across the two is exactly equal to the arithmetical 
sum of the voltages across each, or 200 volts. Of course, if 
the two generators are so joined that they oppose or ''buck” 



Fig. 44. Two direct-ouirent Fig. 46. Two alternatmg-ouiTent 

generators in series. The generators in series. The volt- 

voltage across the two age across the two may not be 

equals 200 volts. 200 volts. 

each other, the voltage across the two would be the arith¬ 
metical difference between the separate voltages, 110 — 90, 
or 20 volts. 

If two alternating-current generators with sine-wave volt¬ 
ages of the same frequency, but one having an e.m.f. of 110 
volts, the other 90 volts (effective), are joined in series as in 
Fig. 45, the combined voltage across the two is not necessarily 
either the arithmetical sum or the arithmetical difference be¬ 
tween the two separate voltages. The total voltage depends 
upon the phase relations between the voltages of the two 
generators. Suppose that they are exactly in phase, that 

77 



1 


78 ALTSmATINChCURBENT ELECTRICITY 

is, they both reach the marimum value in the same direction 
at the same inatant; let us see what the resultant voltage is. 

The conditions may be illustrated by Fig. 46, which shows 
two valveless pumps with cylinders of the same length joined 
together, but I has a smaller diameter than II. Exactiy the 
same thing is taking place in both pumps at the same in¬ 
stant; that is, one piston is always in the same relative posi¬ 
tion and traveling in the same direction and at the same rate 



Flg. 46. The pump cylinders I and II are so joined that the water 
pumped into T equaJs the sum of the amount pumped by ea ^h 
piston. 


as the other. The pumps would then be in phase with each 
other. At the instant shown, the piston in cylinder / is at 
the central position, A, and is tending to fill the stand-pipe 
T and to empty Ti, At this same instant, the piston in 
cylinder II is at a similar position and traveling in the same 
direction and is also tending to fill stand pipe T and empty 
Ti. Thus they both tend to increase the difference in level 
of the water between stand-pipes T and Ti. The effect pro¬ 
duced is the sum of the effects of each. Therefore, the pres¬ 
sure head h, which is set up when the pistons in Fig. 47 are 
at A and B, respectively, is due to the sum of the volumes 
of water pumped from cylinder I and cylinder II. 

This is exactly what would take place in the voltage of 
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two generators when joined in series provided th^ are in 
phase with each other, as in lig. 45. The voltage across 



Fco. 47. The preeBuie head h is due to the sum of the quantitiea of 
water pumped by each piston. 

the combination would be equal to the arithmerioal sum of 
the.voltage across each, 110 + 90, or 200 volts, 
lig. 48 is the sine curve representation of this case. If 



Fio. 48. The heayy curve represents the sum of the other two oorvee 
which show the value of the voltage in each generator of Fig. 46 at 
every instant throughout one eyole. 

(a) is the maviTnum voltage of generator A, and (5) the 
mnyiTTiiim voltage of generator B, then the Tna.Trimnm volt¬ 
age across the combination when in phase would be (a + h). 
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The sum of any two mstaataneous values taken at the same 
instant would be the instantaneous value of the voltage 
across the aeries combination at that instant. The heavy 
line, then, is merely the sum of the other two curves. Thus, 
point R is found by adding the instantaneous values {TV) 
and (jS 7) together. Point W is found by adding .the values 
{—NM) and {—NP) together. 

Similarly, in the vector diagram. Fig. 49, the vector OA 
represents the TnaTiTmim e.m^f. of generator A, and the 



Fig. 49. Topographio vector diagram of ami.’a of the generataiB in 

Fig. 46. 

vector AB represents the maximum e.m.f. of the generator B. 
The sum of OA and AB represents the maximum e.m.f. of 
the two joined in series. 

In the same way we can find the instantaneous value 
across the combination for the instant at which the vectors 
are drawn, that is, after the zero position. OS repre¬ 
sents the inst^taneous value of the e.m.f. OA, and ST rep¬ 
resents the instantaneous value of the e.m.f. AB. The 
sum of OS and ST will then be the instantaneous voltage, 
at the position, across the two generators in series. 

This way of joining vectors is called the topographic method. 
Note that the tall A of the vector AB is joined to the head A 
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of the vector OA. Thus the eum of the two vectors is rep* 
reseated by the line OB, which is made up of OA and AB. 
If OA represents 127 volts and AB, 155 volts, then OB rep¬ 
resents 282 volts. Similarly, the sum of the instantaneous 
values of the e.m.f.’s is shown by the line OT, which is the 
sum of the lines OS and ST. 

Fig. SO shows the polar diagram for the same condition. 
Note that both vectors start from a common point 0. The 
distance OA represents the 
vector OA and the distance 
OB repr^ents the vector OB, 
although part of it lies along 
the vector OA. There is, 
then, no line which repre¬ 
sents their sum. But no in¬ 
convenience is occasioned by 
this lack, since we draw the 
vector diagram mainly to en¬ 
able us to write correctly the 
eqtiation from which the volt¬ 
age across the series combina¬ 
tion can be found. It is just 
as easy to see the equation, 
gram as OA -f AB » E from the topographic diagram in 
Fig. 49. 

Similarly, it is just as ea^ to write the equation for the 
instantaneous voltage; OS + OT = e. As both methods 
are in common use, they will both be used throughout this 
text. 

It is customary in many problems to allow the vectors 
to represent the effective instead of the maximum values of 
e.m.f. or current. This, in reality, merely amounts to 
pViangiTig the scale of the din gr am, since the effective value 
always equals 0.707 of the mavimnm- This applies to both 
the topographic and the polar diagram. 

Thus OA, in rather Fig. 40 or Fig. 50, may be used to rep- 



Fio. 60. Polar vector diagram of 
in the generatois of Fig. 46. 

OA -f OB <= E, from this din- 
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resent the 90 volts effectiye across generator A\ and OBj in 
Kg. 60, and AB in Kg. 49, the 110 volts effective across 
generator B. Kom Kg. 60 the effective voltage across the 
combination is 

OA + OB = 90+110 = 200 volts, 

or, from Kg. 49, the effective voltage across the combination 
is 

OA + ilB = 90 + 110 = 200 volts. 

Of course, if the effective values are used for the vectors, 
the lines OS and OT must be divided by 0.707 in order to 
be numerically equal to the instantaneous values, because 
an instantaneous value does not equal the effective value 
times sin 0, but the Tnarimum value times sin 



Fig. 61. Pokr vector dia¬ 
gram of two e.mi.'8 OA 
and OB in series. 



Fig. 62. Topographic vector 
diagram of two e.m.f.’s OA 
and AB in sGries. 


Example 1. The Tnarimiim e.mi. of the generator A (Fig. 46) is 
127 volls and of B is 166 volts. What is the maximum e.m.f. 
across the combination? 

Draw the polar vector diagram of Kg. 61, or the topographic 
diagram, Fig. 62. In each OA represents 127 volts. In Kg. 51 
OB represents 166 volts; in Fig. 62, AB represents 156 volts, each 
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at aa ftTi glfl of 50° with zero position. Eroin either, the equation 
may be written; 

(total) - 127 + 165 - 282 volts. 

Example 2. What is the instantaneous ami. across the com¬ 
bination of Examine 1, when tiie ejni.^s are 50° from the zero 
values? 

Solving fig. 51, 

Oa represents the instantaneous value, at the 50° position, of 
the ejn.f. OA. 

OT represents the insbantaneous value, at the 50° position, of 
the ami. OB. 

03 -h OT, the instantaneous value, at the 50° position, of the 
voltage across the two generators. 

OS = 127 sin 50° 

— 127 x 0.766 

— 97.4 volts; 

or - 165 sin 60° 

= 165 X 0.766 

— 119 volts; 

OiS + OT-97.4+ 119 

— 216 volts. 

Or solving fig. 52, OT equals the instantaneous value of the 
voltage across tl^ two generators at the 60° position. 

OT-05sin60° 

= 282 X 0.766 

— 216 volts. 

By both methods the instantaneous value of the voltage across 
the combmation at the 50° position equals 216 volts. 

Prob. 1-8. What would be the instantaneous value at the 165° 
position of the e.mi. across the generators in Example 1? 

Prob. 2-8. At what portion would the instantaneous value of 
the e.m.f. across the combination of Prob. 1 be 250 volts? 

Prob. 8-8. The instantaneous value of the e.m.f. at the 40° 
position across a series combination of two a-c. generators of equal 
voltage, which are in phase with each other, is 4370 volts. What is 
the effective e.m.f. of each generator? 

Prob. 4-8. Two alternators producing sine wave e.mi.'s of 
the frequency (60 cycles per second) are in series: a volt- 
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meter coimected across one of them reads 115 volts, across the other 
230 volts, and across the combination 345 volts. What is the 
phase relation between these e.m.f.'s7 Draw a topographic and 
a polar diagram of vectors to represent them. 

Prob. 5-8. What is the maxiinuTn instantaneous total 6.m.f. of 
the combination of alternators in Prob. 4 7 How much time, in 
seconds, must elapse before and after a TnaTimuTn value, for the 
instantaneous voltage to be equal to the effective voltage? 

Prob. 6-8. Draw accurately the curve, between volts as ordi¬ 
nates and time in seconds as absoissaa, for a 60-oycle alternator 
generating a sine wave of emi. having an effective value of 115 
volts. To the same scfde of coordinates, draw another ciure rep¬ 
resenting the emi. of an alternator in series and in phase with 
the ffrst, this alternator ^ving a vdtmeter reading of 230 volts. 
Calculate the resultant voltage of the two alternators in aeries, at 
instants separated by intervals of second, and through the 
pomts so located draw the curve of resultant voltage. On the 
same sheet and to the same scales construct a sine curve of e.mi. 
having the same TORTininTn ordinate as this curve of resultant 
voltage, calculating values 15 electrical degrees apart by aid of a 
table of ones. What do you prove by a oompariBon of tbiH pi ne 
curve with the curve of resultant voltage7 

22. Alternators In Series. Opposite Phase. Suppose 
now that we join two alternating-current generators in series 
BO that they are eicactly opposite in phase; that is, one 



PiQ. 53. The heavy line is the difference between the other two curves, 
which represent the e.nLf.’B of two arC. generators having a phase 
difference of 180° with each other. 

reaches its mayininTn positive value just as the other reaches 
its maxiniuTT? value in the opposite, or negative, direction 
through the circuit. Then the resultant voltage is exactly 
equal to the difference between the two voltages, or 110 - 90 
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= 20 volts. The geneoratoiB are then said to differ in phase 
by 180 electrical degrees. Fig. 53 is the sine curve repre¬ 
sentation of this case. Note that any instantan^us value 
on the heavy line curve, which represents the resultant 
curve of the other two, can be found by subtracting the 
value on the curve A at that instant from the value on the 
curve B at the same instant. Thus the point iZ is found by 
subtracting the instantaneous value VT from the instan¬ 
taneous value VS. Fig. 54 is the polar vector diagram for 




Fig. 54. Polar vector diagram of Fig. 55. Topographio vector dia- 
ejni.’s riiown in Fig. 53. gram of emi.’s ehown in Fig. 53. 

the same case. Note that the vector OA representing the 
Tnarimnm e.m.f. of the generator A^ is drawn at an angle of 
180® to the vector OB which represents the maximum e.m.f. of 
the generator B. This maizes them run in exactly opposite 
directions. The resultant maximum voltage across the two 
generators would be the difference in length of these vectors 
drawn to scale. 

Fig. 55 is the topographic diagram for this case. OB 
represents the voltage across B, From B is drawn BA in 
the opposite direction to OB, thus cutting down the value 
of the e.m.f. across the combiuation to OA. Here again 
there is a line (in this case OA) which represents the result- 
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ing voltage. In the polar diagram, Fig. 64, for the same caae 
there is no line representing the resulting voltage, but the 
equation is plain by means of which the value of this result 
can be computed, OB — OA — Em (total). 

Any instantaneous value equals the difference bettreen 
the instantaneouB values of the two e.m.f.’B at that instant. 
Thus for the instant at which this vector dia £^ATn , Fig. 54, 
is drawn, the instantaneous value of OB is OS and of OA is 
OT. The instantaneous value of the e.m.f. across the com¬ 
bination at this instant is therefore 08 — OT. 



Fig. 56. The pumps are so joined that their actions at every instant 
oppose each other. The pressure head h is due to the difference in 
the amount of water each pumps. 

The action of two altomators in opposite phase joined in 
series may be illustrated by the action of the two pumps of 
Fig. 47, but joined as in Fig. 56. Note that the crank-pins, 
which are on opposite faces of two plates, are always 180*^ 
apart, and that the pistons always move in opposite direc¬ 
tions with regard to each other. Thus, while piston B at this 
instant is tending to force water into stand-pipe Ti, the piston 
A is tending to draw some away. The pressure head h which 
is set up when the pistons are in the position of Fig. 56 (for 
instance) is due to the difference of the water pumped from 
/ and II. 
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(Draw diagram of connections, rong^ sine curve, and vector 
diagram for each problem before makiTig the computations.) 

Prob, 7-8. What would be the maximum value of the voltage 
across the combination such as in £1g. 46 when in phase, if t^ 
effective voltage of A » 220, and of B « 250 volts? 

Prob. 8-8. What is the maxnnum value of the voltage across 
the combination in Prob. 7, when in pppofflte phases? 

Prob. 9-8. What is the instantaneous value of the voltage 
across the combination in Prob. 7, at the instant r^resented by 
the 40^ position of the vectors? 

Prob. 10-8. What is the instantaneous value of the voltage 
across the combination in Prob. 8, when at the 40° position? 

Prob. 11-8. What is the voltage across two alternators which 
are in phase and joined in series, if the maximum value of the e.m.f. 
of one is 400 volts and of the other, 200 volts? 

Prob. 19-8. Two generatorB are in opposite phases and are 
joined in series. The instantaneous voltage of one is 100 volts at 
the 30° phase; of the other, 100 volts at the 60° phase. What is 
the mfliriTmiTn voltage across the combination? 

Prob. 13-8. What is the effective value of the voltage across 
the combination in Prob. 12? 

Prob. 14-3. What would be the effective voltage across the 
combination in Prob. 12, if the alternators were in phase? 

Prob. 16-8. The Tnajrimmn e.m.f. of three alternators is 153 
volls each. What would be the effective voltage across the com¬ 
bination if they were all joined in series and were in phase with 
one another? 

Prob. 16-n8. Two alternators pving sine-wave e.m.f.’B of the 
same frequency, in series and in phase with each other, give a total 
voltmeter reading of 220 volts across the combination. When the 
connections of one of the alternators is reversed, the resultant 
voltage is zero. 

(а) What is the effective voltage of each alternator? 

(б) What is the resultant e.m.f. at each of the following instants: 
45°, 90°, 136° and 180° after the positive maximum instantaneous 
value? 

Prob. 17-8. Two alternators joined in series give a voltmeter 
reading of 235 volts across the combination. When one of them 
has its oonnections reversed, the total voltage becomes 25 volts, 
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as ahown by the voltmeter. What is the effeotive voltage of each 
alternator? These alternators both produce sine-wave e.nLf/s of 
the same frequency. 

Prob. 18-3. Three alteroatOTB in senes, all pn^uoing sine- 
wave ejni.’s of the same frequency give a tol^ effective voltage of 
110. When the connections of ^ are reversed, the total voltage 
remains 110. When the connections of A are restored as originally, 
and those of B reversed, the total voltage becomes 330. When B 
is restored as originally and C is reversed, the total voltage again 
becomes 110. Draw both polar and topographic vector diagramfl to 
represent the rdations between these e.nLf.^s, as originaJly con¬ 
nected and as reconnected after each change. 

23. Altematora In Series: in QtiadratuTe. It is pos¬ 
sible to join the two pumps of Fig. 46 and Fig. 56 in such a 
manner that the two pistons will not be traveling at all 
instants either in the same direction or in opposite direo* 



Fiq. 67. The two pumps are so joined that they do not continuously 
aid or hinder each other. The pressure head h is due neither to the 
sum nor the difference of the amounts of water pumped by I and II, 

tions. That is, they may be made to aid each other at some 
instants and to oppose at other instants. In Fig. 57 the 
pumi>s are so joined that the cranks are at an angle of 90** 
with each other. Thus at the instant when piston A is 
filling T and emptying Ti at the fastest rate, as in Fig. 57, 
piston £ is at rest in the zero position. The greatest pres- 
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sure head (A) which is set up would not at any time equal 
the sum of the amoimts pumped by the two pistons in a 
complete stroke, as in Fig. 47. 

In the same way it is possible to join in series two alter¬ 
nators whose e.mi.’s are neither in phasS nor opposite. 
For instance, the voltage of A, Fig. 45, may have reached 
its wiftTimiim positive value at an instant when the voltage 
of B was passing through its sero value and was about to 
have a wmall positive value. 

The two generators then would be said to have a phase 
difference of 90°. A might be said to be 90° ahead of B, or 
£ to lag 90° behind A. Fig. 58 shows by means of the one 



Fia. £8. Ihe sine aiuves A and B represent two ejni.’s having a 
phsee difference cf 00°. The heavy line represents the sum of these 
tiro curves. 

curve, that A reaches its maximum value when B is at zero. 
B does not reach its maximum imtil 90° later thand, which 
has in the meantime dropped to zero and is about to start 
on its negative values. 

The heavy line curve is obtained by adding algebraically 
the instantaneous values on the curve of each machine. 
Thus the point (T) on the heavy curve is found by adding 
(+128) to (—VS). This gives (—TS), which represents 
instantaneous voltage across the combination at that 
instant. Also (gf) and (gd) are added to pve a value (gc) 
to the instantaneous voltage across the two alternators. 
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Thus it IB possible by means of the voltage curve of each of 
the two machines to find the curve of the voltage across the 
combination just as when they were in phase. This result¬ 
ant curve is a sine curve also.* 

This method of finding the resulting voltage, however, is 
too cumbersome and inexact; accordingly, the vector method 

is used when numerical re¬ 
sults are desired. If the line 
B, Fig. 59, represents the 110 
effective volts of generator B, 
then the line A will represent 
the 90 effective volts of gen¬ 
erator A. Note that A is 
drawn 90° ahead of B. 



Mlbl. 


n > 1 j- t have, then, two eleo- 

Fia.59. A polar veotor diHgram for , . ’ 

the case shown in Kg. 68. tromotive forces acting at an 

angle of 90® with each other. 
If we had two mechanical forces or two magnetic forces 
acting at an angle with each other, we know that the ro* 
Bultant force would be the diagonal of a 
parallelogram, of which the two forces 
form the adjacent sides. Thus, in Fig. 

60, if B represents a force of 110 pounds 
and A, a force of 90 pounds at right 
angles to it, then i2, the resultant force, 
is formed by completing a parallelogram 
on the forces A and S, and drawing the 
diagonal R from the point of intersection 
of the two forces. 

The value of B can be found either 
by drawing the whole diagram to scale 
or by using the rule that the square of the hypothenuse of 
a right triangle equals the sum of the squares of the other 
two sides. By the latter method, 



UOUm. 


Fig. 00. The line R 
represents the result¬ 
ing force of the two 
forces A and which 
act at right angles to 
each other. 


* See Problem 6, page 84. 
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7? = A* + 5* 

-8100 + 12,100 
- 20,200; 
b-vm;2oo 

= 142 lb. 

The angle which this reeultant force R makes with force 
B, may be found by measuring it, when the forces are drawn 
to scale, or by the rule that the tangent of any angle of a 
tij^t trian^e is equal to the ratio of the side opposite the 
angle to the tide adjacent to the an^e. By the latter 
method, 

tsn ^ * 0.818; 

0.818 is the tangent of a 39.3-degree an^e, hence 

= 39.3“. 

Thus the resultant of two forces of 90 lb. and 110 lb., acting 
at light angles with each other, is equal to a force of 142 lb. 
acting at an an{^e of 39.3“ to the 110-lb. force. , 

Since R is neither the arithmetical sum nor the arith¬ 
metical difference of A and B, we can not write R = A + B. 
However, in order to express the correct relations, that is, 
the vector relation, of A and B to 22 we write the following 
equation: 

22 — d. ® B, 

The tign 0 means that we add vectoilally the quantities 
between which it stands. Thus, the expression R = A ® B 
is read, “22 equals the vector sum of A and B," which means 
that, due allowance being made for the direction in which A 
ftTid B act, they produce 22 when combined. 

Similarly, we may find the resultant of two electromotive 
forces A, 90 volts, and B, 110 volts, acting at 90 electrical 
degrees to each other. We may in the same way write 
the equation R = A ® B. 

To solve this equation we construct Fig. 61. B and A 
are drawn to scale at right angles to each other and the 
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paraJlelograiix is completed. Then R, to the same scale, 
equals 142 volts and acts at an angle of 39.3° to the 110-volt 
pressure. Or, by applying the trigonometric rule, 

B = V(90)* + (110)* = 142 volta; 

0 “ "AfV ^ 0.818j 

0 = 39.3°. 




UOToUi 


Since the 90-volt vector represents the e.m.f. of the alters 
Dflitor A, Kg. 46, and the 110-volt vector represents the e.m.f. 
of the alternator B, then the 142-volt vector represents the 

voltage across the combini^ 
tion. This resultant is found 
to differ in phase with the 
e.m.f. of 110 across B, by 
39.3°; which means that it 
reaches its TPAxinmm value 
before the e.m.f. B reaches 
its TTfiajQTntim value in the 
same direction, by an amount 
Fig. 61. The line R repreaentfl the Qf time represented by 39.3 
resulting e jn.f. of the two e.mi.’s 

A and B whioh have a phase dif- electrical degrees, or 
ferenoe of 90®. 

part of one complete period. 
In the same manner, the resultant of any two alternating 
electromotive forces acting at right angles, that is, differing 
in phase by 90°, can be found, together with the phase 
difference between the resultant and either of the two elec¬ 
tromotive forces. 



Write the equation and draw the diagram for each of the 
following problems: 

Prob. 19-8. Two alternatmg dectromotive forces with a phase 
difference of 90® are joined in series. One is 50 volts, the other 
76 volts. 

(а) What is the resulting voltage across the combination? 

(б) What is the difference in phase between the voltage across 
the combination and across the 60-volt part? 
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Prob. S(HI. It is desired to have 220 volts acoross two genera¬ 
tors of the same frequency joined in series^ One generator deUvers 
120 volts. What must be the voltage of the oth^, if it differs in 
phase with the first by 90^7 

Prob. 21-^8. What is the maximum value of the resultant 
e.mi. in Prob. 197 

Prob. 22-8. What will be the instantaneous value of the e.mi. 
across the 60-volt alternator of Prob. 19, when the e.n:Lf. across 
the combination hM its TnuTiTmTm value? 

Prob. 2S-8. What will be the instantaneous value of the e.m.f. 
across the 76-volt generator of Prob. 19, when the resultant e.mi. 

hafl its TTiftyiTmiTn value? 

Prob. 24-8. What will be the instantaneous value of the volt¬ 
age across the combination in Prob. 20, when the instantaneous 
e.mi. across the 120-volt generator is 40 volts? 

Prob. 26-8. When two alternators of the some frequency but 
with a phase difference of 90° are joined in series, the resulting 
ejni. is 440 volts. If one of the alternators has an e.mi. of 220 
volts, what is the e.mi. of the other? 

Prob. 26-8. What is the phase difference between the emi. 
across the combination and the e jni. across the 220-volt generator 
of Prob. 25? 

Prob. 27-^. What is the instantaneous value of the ejni. 
across each generator of Prob. 26, when the instantaneous value 
of the resulting e.m.f. is 0? 

Prob. 28-8. At what point in its cycle is the phase of the e.m.f. 
of each machine in Prob. 27? 

Prob. 29-8. What is the instantaneous e.mi. across the com¬ 
bination, when the instantaneous value across the 220-volt gen¬ 
erator of Prob. 26 is at a maximum? 

Prob. 80-8. (a) What is the Tnaxiimim value of the combined 
emi.'s in Prob. 26? 

Q>) What is the instantaneous e.mi. across each generator at 
the instant when the maximum value of (a) ooours? 

24. Two-phase Generators. It would be possible to 
TTcnint am two separate alternators at exactly the Bame fre¬ 
quency and with a constant phase difference between their 
e.m.f.^B, but it is simpler and more economical to wind two 
separate sets of armature coils in the same machine, and 
locate these windings so that the voltage induced in one set 
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is 90 eleotrical degrees behind or ahead of the voltage in- 
duoed in the other set. A machine so wound is called a . 
two-^phase alternator, or a quarter-phase alternator. These . 
two sets of windings are called the phases of the rmu-Timn 
and are very rarely connected to each other in modem 
machines. The structural details of this miachine are ex¬ 
plained on page 478, but its action in deliveri:^ two alter¬ 
nating voltages which are at 90 electrical dq^rees to each 



62. Simple two-phase alter- Pro. 63. Phase AB leads 
nator. Ihe ami. ooil of AJB is phase A'B' by 90*. 

at A mii.TiTniiTn wIiBU tlift eJXLf. of 

A'B' is aero. Thus there is a 
phase difference of 00°. 

other can readily be imderstood by reference to the following 
figures. Fig. 24 to 37 (inclutive) show the action of a tingle- 
coil, single-phase generator. Now if another coil is added 
at light anii^es to the coil of Fig. 24, as in Fig. 62 and 63, the 
actions will be the same in each coil, with the exception that 
they will take place 90° later in one coil than in the other. 
Thus, when the voltage across AB is at a maximum, as in 
both Fig. 62 and Fig. 63, the voltage across A'B' is zero, and 
vice versa. The voltages may be represented, then, by two 
sine curves differing in phase by 90°, as in Fig. 64. E repre¬ 
sents the e.m.f. curve of the coil AB} Ei the e.m.f. curve of 
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the coil A'B'. Note that Ei haa a value of zero when E has 
a TnaTomum viJue; that is, E haa a 90° start on Ei. The 
vector diagram would be that ot Fig. 66, in which E equals 
the voltage induced in AB, and Ei the voltage induced in 
A>B\ 



Fie. 64. The sine^ve represeatatiaa of the ejoi.'s at Fig. 62 and 
63. Curve B leads Ei by 90”. 


Fig. 66 IB the conventional representation of such a ma¬ 
chine. Note that phase AB may be connected to phase A'B' 
by joining A' to B. We should then have two e.m.f.'s 
differing in phase by 90° joined in series. Fig. 67 shows this 


\ 


Bi 


Fig. 65. The polar vector diagram 
of Fig. 02,63 and 64. Here aJso 
the vector E leads Ei by 90^. 



Fig. 06. Gonventioa represent¬ 
ation of a two-phase generator. 


connection made and a conductor brought out from the 
juncture of the two phases. This makes the 3-wire 2-pha8e 
system, which is unusual. 

Prob. 81-8. If the voltage across each phase in Fig, 67 is 110 
volts, what is the voltage between the outside wires X and Y? 

Prob. 82-8. If 550 volts are desired across the outside wires in 
Fig. 67, what must be the voltage across each phase? 
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Prob. 88-8. If the volta^ across phase XN of Fig. 67 is 120 
volts and aoroas phase is 90 volts, what is the vdtage across 

XYt 

Prob. 84-8. A two-phase g^- 
erator, 2300 volts per phase, is 
-N connected to a three-wire system 
for distribution of the power. 
If the CQZDinon wire of t^ two 
-V phases becomes oozmected to 
Fig. 67. A 8-wire 2-plia8e generator, ground through the limb of a 

A rather unusual combination, tree, to what Tnaximurn pressure 

is l^e insulation betwe^ each 
of the other wires and ground subjected? 

Prob. 85-8. Solve Prob. 34-3 on the supposition that it is 
one of the ''outside'’ wires of the three-wire s y stem (not the com¬ 
mon wire) which becomes connected to ground. 

Prob. 86-8. If the two-phase generator of Prob. 34-3 is con¬ 
nected to a foui^wire distributing circuit, with all wires equally 
insulated, and one of the wires becomes ^'grounded,” what pressure 
is brought to bear upon the insulation separating each of the other 
three wires from ground. 

Prob. 87-n8. The workiiig voltage for which a oertedn insulator 
ia designed is 10,000 volts (effective, assuming sine wave form of 
e.mi.). What is the largest^ (effective) voltage at which a single- 
phase two-wire line may be operated, each wire being supported 
by these insulators, (a) allowing for the possibility of one wire 
being grounded; (5) assummg neither wire to be grounded? 

Prob. 88-8. Using the same insulators specified in Prob. 37-3, 
what is the largest (effective) voltage per phase that may be used 
on a two-phase four-wire systou of distribution? 

Prob. 89-8. Solve Prob. 38-3 mwiiTning the two-phase gener¬ 
ator to be connected to a three-wire system of distribution. 

Prob. 40-8. Show by vector diagram that in reality three 
phases (not “three-phase”), or three e.m.f. 's differing in phase with 
respect to each other, may be obtained from any three-wire system 
of distribution coimected to a two-phase generator. Specify the 
voltages and phase relations of these three phases, using a 2300- 
volt two-phase Aerator. 

26. Three-phase Generators; Open-delta Connection. 
But coils may be so located on an armature that the e.m.f. 
across them differs in phase by more or less than 90 electriced 
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degree. For instance, when three coils are spaced syni- 
metric^y or equidistant on an armature, as in Fig. 68, it is 
clear that the induced voltages Aio B, A.' B', and .d" to 

B" would be 120° apart, and could, , 


therefore, be represented by the sine 
curves of Fig. 69a. This would con¬ 
stitute a simple three-phase gener¬ 
ator, the type in greatest use at the 
present time in altemating-ourrent 
systems. If the three coils are not 
joined to one anoth^, then the 
machine supplies power to three 
separate phases which have no elec¬ 
trical connection. This would re¬ 



quire that six wires be used for dis- Fiq.68. Simpte three-phase 
tribution, and would result in an alteniAtor. Tbee.mi.m 


unnecessary initial expense. 
Accordingly, at least two of the 
phases are joined in series. The 
other phase may then be left idle. 


coil TiAfl a phflso 
diSerenoe of 120° with the 
e.nii.'B in the other two 
coils. 


to act as a reserve in case any trouble occurs in either of 


the two which are in service. One form of such an arrange- 



‘ NiAxy 

Fig. 09a. The sine curves of the ejni.’s in the coils of the generator 
of Fig. 68 . A'F leads by 120°. leads AB by 120°. 


ment is called an open-delta connection, to distinguish it from 
a closed-delta which will be explained later. 

Let us see what the voltage across the terminals of an 
open-delta system is. Assume that in Fig. 68 the end B of 
the phase AB is joined to the end A" of the phase A^'B'^ 
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leaving the phase A'B^ idle. The terminals of the Rfiriap 
drouit would be A and B". The sine curve of this case 
would then b,e represented by Fig. 69b. Note that A'’B" 
leads AB by 120° as before. The heavy curve is drawn from 


ABj: — 

\ /y\ 


d 

Via. 00b. Tbe heaTy curve repreaentB the reeultnig ejni. where 
and AB are joined in serifiB, with lOO** ahead of AB. 


the sum of the isHtantaneous values of the other two curves. 
Thus, the point (c) is found by adding ( + oft) to (— od). 
Note the peculiar fact that the resultant has no greater 



Fig. 70. The polar vector diagram 
for the sine curves of Fig. OOb. 
AB" represents the resulting 
ejni. of joining AB and A"B" 
in series. 


majrimuTn value than either 
of the curves of which it is 
the sum. 

The vector equation for 
this case would be, 

AB" = AB® 

To solve this, construct the 
vector diagram, Fig. 70. The 
voltage in the coil A"B" is 
120° ahead of the voltage in 
the coil AB. Thus, if the 
vector AB represents the ef¬ 
fective e.m.f. induced in the 


coil AB, then the vector A"B", 120° ahead of AB, will rep¬ 
resent tile effective e.m.f. induct in the coil A"B'\ 


The resultant e.m.f. AB” across the two phases can then 
be found as before by completing a parallelogram on these 
two vectors as sides and drawing the diagonal AB'\ 
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Bzample 8. In a three-phase generator there is an e.mi. of 
11,000 volts across each phase. What would be the voltage acroes 
any two phases joined in series (“open delta”)? 

This is repres^ted diagraniinaticcJIy by Fig. 71, in which phase 
AO is joined to phase OB at 0. Phase 
AB is left idle. Draw the vector dia¬ 
gram, Fig. 72, letting the hna OA repre¬ 
sent 11,000 volts in one phase, and the 
line OB, 120° ahead of OA, represent the 
11,000 volts in the second phase. 

Complete the paraUeLogreun and draw 
the di^nal 00, which will represent 
the resultant vdtage across OA sinA OB 
joined in series in this way. 

Using the method shown in the Ap- 
pendu^ we can find the value of 00 as 
Mows: 



Fig. 71. Conventional rep¬ 
resentation of the joinp 
ing of phase OA to OB 
at 0. 


00 «= 11,000 © 11 , 000 , 

0(P^ 11,000* +11,000* + 2 X 11,000 X 11,000 cos 120® 

- 121,000,000 + 121,000,000 - 0.6 X 2 X 121,000,000 

« 121 , 000 , 000 , 

OC = 11,000 volts. 


It may seem rather strange at first si^t that the resultant of 
two voltages of 11,000 each was only 11,000, but it w£Q be remem¬ 
ber^ that the sine curve, Bg. 
60b, showed the same fact. 



the resulting e.m.f. of a series oom- 
bination of OA and OB which have 
a phase difference of 120°. 


Also, it is to be recalled that 
two equal mechanical forces 
acting at an ang^ of 120° have 
a resultant force exactly equal 
to either one of the forces. 
Thus, when the voltage across 
OA is 11,000 volts and the 
voltage across OB is also 
11,000 volts, the voltage across 
the combination of the two. 
phases joined in series would 


be 11,000 volts. 

If two oirciuts are thus 
joined which have any other 
difference in phase but 120°, the resulting voltage would not 
exactly equal the voltage of one of the phases. For instance, 
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suppose that two coils in the armature of an Sro. generator are 
joined in series in such a way that the e.m.f.'s induced in them 
are 26° apart. If the voltage across each coil is 80 voltSi what 
is the voltage across the two coils in series? 

The general equation is 

= 80 © 80, 

where E is the resulting ejn.f. 



Fig. 73. < Rou^ Bine-curves of e.m.f.’s which have a phase differanoe 

of26®. 

Sketch roughly the sine curves for this oase, as in Fig. 73, in 
order to get a cl^ idea of the relations throughout the cycle. 



Fig. 74. Polar vector diagram in which the vector OB leads OA by 
25‘*. OR is the resultant of OB and OA, 

Draw OA and OB, Fig. 74, at 26° to each other. Complete the 
parallelogram, and draw the diagonal OR which represents the 
resultant voltage across the two coils in series. 

OB*=80» + 80* + 2 X80 X80cos26° 

- 6400 + 6400 + 12,800 X 0.906 
" 2 4,400, 

OR = y/24:,400 = 166 volts. 

The voltage across the two coils in series must therefore be 166 
volts. 
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Sketch sine curves and vector diagrams for each of the 
following problems and solve: . 

Prob. il-8. Two coils are jdned in series. The e.mi. in one 
coil is 4S volts, in the other, 70 volts. The phase difference be¬ 
tween the ejni.'s of coils is 66 electrical degrees. What is the 
voltage across the combination? 

Prob. 4a-8. The e.nLf.'e in two coils are 40® apart. The value 
of one e.m.f. is 86 volts. What must be the value of the other 
e.mi. in order that the voltage across the two in series may be 
110 volts? 

Prob. 43-8. Two coils have e.mi.’s of 110 and 160 vpllB re¬ 
spectively. When joined m series the combined voltage is 220 
volts. What is the phase difference between the two coils? 

Prob, 44-8. If the voltage across the two coils in Prob. 43 
when in series had been 260 volts, what must the phase difference 
have been? 

Prob. 45-^. If the voltage across the series combination of 
the two coils of Prob. 43 had been 40 volts, what would the phase 
difference have been? 

Prob. 46-3. The voltage across each phase of a three-phase 
generator is 220 volts. What is the volta^ across an open-ddta 
combination of the phases? 

Prob. 47r-3. A choke coil and a resistance are joined in series 
and an cdtemating current is sent throu^ the series combination. 
The drop across the resistance is 66 volts, and across the.choke 
coil 75 volts. The voltage across the combination is 105 volts, 
What is the phase difference between the drops across the two? 

Prob. 48-8. If the current flowing in Prob. 47 is 5 amp., what 
is the impedance under these conditions of: 

(а) The choke coil? 

(б) The resistance? 

(c) The combination? 

26. Reversing Coils or Phases In Transformers and Gen¬ 
erators. Upon referring to Fig. 75 it will be seen that the 
two vectors OB and OA are at right angles to each other 
and have as a resultant OR. If one vector, say OA, be 
turned around end for end, so that it points to the left as 
OA', the resultant of- OA' and OB will become OiJ', instead 



102 ALTBBNATINO-CURRENT ELECTRICITY 


of OR. But note that it has exactly the same numerical value 
as 022 , and dMers only in its phase relations. 

Thus, if the ejni.’s of two phases are at 90 ^ to each other, 
it will make no difference in the numerical value of the result¬ 
ing voltage which two ends are connected. 

But suppose that the ejn.f.^s of two phases are 120° 
apart. Let us see what the result of reversing the coimec- 
tions of one of the phases will be. In Fig. 76, OR is the re¬ 
sultant of OB and OA when the phases are connected so 



Fig. 75. Vectors OA aod 
OB are at ri^t to 
eaohother. Keversiiigone 
vector Oil does not change 
the value of the resultant 
Oi2^ which becomes OR. 


Fio. 70. Vectors OA and OB ore 
at 120° to each' other. Reversing 
OA, changes the value of the re¬ 
sultant OR to OR. 



that they are 120 ° apart. But when Oil is reversed, the 
resultant becomes 022 ', which is much greater than 0 i 2 . 
The cause for this increase in the resultant is evident from 
an inspection of Fig. 76. Note that when the vector Oil is 
reversed i^d takes the direction Oil', it is no longer at an 
angle of 120° to OS, but comes into a position only 00° 
from OB. So that instead of having two vectors at an angle 
of 120 ° to each other, we have two vectors at an angle of 
60° to each other. The resultant of the latter combination 
is much greater than of the former, as is clear from Fig, 76. 

This effect of reversing a coil is also very evident from the 
sine curves of the case. 

SupiKJse we reverse phase A."B" of Fig. 68 by joining il" 
to A, instead of B" to A. Then all the positive values of 
the sine wave A''B" in Fig. 69b become negative, and vice 
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versa, and A"B*' lags 60° behind AB instead of leading it by 
120° as before, a change of 60° +120°, or 180°. This is clear 
in f!ig. 77. The resultant curve, the heavy line, now has much 
larger mammum values than has either of the components. 

From both the vector diagram and the sine curves it can 
be seen that: 

Rerersing a coil which generates an ejni changes Its phase 
relationa to other colls by i8o°. 



Fia. 77. Curve A"B" is reveEsed from its positaon in !Pig. d9b. The 
curve of resulting eJXLf . has much greater TnayimuTn values that 

of Fig. 69b. 

There is usually no convenient way of telling by inspec¬ 
tion how two phases of a machine are to be connected in 
order to produce the desired combined voltage. The 
method usually employed is to measure the voltage across 
each set of terminals. Then connect two in series at ran¬ 
dom. If they do not produce the desired volt^e, reverse 
one of them. This process is called phssiiig-out ” a machine. 

Example 4. It is desired to connect two phases of a three- 
phase generator in open delta. Each phase is found to have a 
voltage of 220 volts. But when two phases are connected, the 
voltage across them was found to be 381 volts. Show that by 
reversing one phase, the correct open-delta voltage of 220 volts 
can be obtained. 

Construct Fig. 78 and determine what the angle 0 must be to 
fulfill the conditions in which the resultant OR must be 381, and 
the vectors OA and OB, 220 each. 
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By tbe Coame Lav for paraMograms 


381* = 220* + 220* 4-2 X 220 X 220 COB 
, 381* - 2 X 220* 

2 X 220 X 220 

.^ = 60 “. 



Fig. 78. The ooOa OA ajid OB aie 
BO jomed that the reeultiiig e.m.f. 
aoEOfis them is 881 volts. 


0.500, 



Fig. 79. Coil OA of Eg. 78 is 
reversed in its oonnection to 
ooH OB, and the resulting 
e.mi. aoross them becomes 
220yQltB. 


Now if we reverse one phase, say OA, the vector diagram will be 
os in Fig. 79 and the angle between the phases would ^ 

180® - 60® = 120®, 

(OB')* = 220* + 220> + 2x220x220oo8 120®, 

OB' - V220* + 220* - 220* =■ = 220. 

This also cheeks by solving for the angle by the Goone Law. 

This shows that the true open-delta connection results from 
reversal of this phase OA, since the reversal gives a resultmg 
voltage of 220 volts. 

^ B Prob. 49-8. When two coils, AB and 

-A'B' are connected as in Fig. 80, the com- 
bined ejn.f. aaross them is 240 volts. The 
jOOOOOOO b' e.m.f. of each coil is 180 volts. Find the 
Fig. 80. Two coils difference in phase between the ejn.f.'s of 

joined in series. coils. 

Prob. 60-8. If end A' of . coil A'B' in 
Eg. 80 were connected to end B of coil ilB, what would the com¬ 
bined e.mi. be? 
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Prob. 61-8. . If end A' of coil A'5' in Fig. 80 were connected to 
end A of coil AjB, what would the combined e.mi. be? 

Prob. 62-n8. It is desired to connect the threenphase generator 
of Fig. 81 in open delta and run it as a single-phase generator. 
On testing it out with a voltmeter, the following data are found. 


From A to B = 240 volts. 

From A to Ai » 0 

From A to Aa = 0 

From A to Bi = 0 

From A to Ba — 0 

From Ai to Bi = 240 vdts. 

From Ai to Aa = 0 

From Ai to Ba = 0 

From Aa to Ba = 240 volts. 

(a) Name the two terminals of each 
phase. 

(5) State what connections you would 
try in order to produce an open-delta 
arrangement. 



Fig. 81. A three-phase gen¬ 
erator with bo^ ends of 
each phase brou^t out 
separately. 


(c) Show by vector diagram what voltage there should be across 
the open-delta arrangement, and what readings you should obtain 
in order to prove that you have made the proper connection. 


Prob. 68r-8. If you measured the voltage across the combina¬ 
tion of coils as you had connected them for open delta in Prob. 52, 
and found it to be 416 volla, how would you change the connec¬ 
tions? 


Prob. 64-3. Suppose that one of the phases which you had 
intended to use in the open-delta arrangement of Prob. 52 were 
fotmd to be faulty. Show how you would connect the third phase 
in its place. 


Prob. 66-8. Connect the third phase of the generator described 
in Prob. 52, in series with the other two phases after the latter have 
been connected in correct open delta, and calculate the resultant 
total voltage of the entire series. Then reverse the connections of 
the third phase, and again calculate the total voltage. Draw vector 
diagrams to illustrate each condition. 


Prob. 66-8. Repeat the work of Prob. 55-3, starting with the 
incorrect open-delta connection described in Prob. 53-3. 
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Prob. 67--8. Goimeot one terminal of the third phase of this 
TTiaohinn to the junoture of the other two phases, after the latter 
have been oannected oorrectly in open delta as d^ciibed in Prob. 
62n3. Caloulate the vdtage aoross each of the three pairs of 
terminals obtainable from the three terminals of the armature thus 
formed (not including the common junoture). Then reverse the 
third phase, and again oaloulate the three voltages. Draw vector 
diagrams to illustrate. 

Prob. 68-3. Repeat the work of Prob. 57-3, starting with the 
inooireot open-delta connection described in Prob. 58-3. ' 

27. Series Arrangement of More than Two Parts. If 
more than two e.m.f.’s are joined in series, the resulting 
voltage may be obtained by finding the resultant of any two, 
and then combining this resultant with the third voltage, 



and OCf joined in series. 



I 

Ezo. 88. Polar vector diagram of Fig. 
82, showing the resultant OR of the 
veotoTB OA and OB, 


and BO on until all the voltages have been included. For 
example, assume that a coil with an e.m.f. of 80 volts is put 
in series with one csoil having an ejn.f. of 90 volts leading 
the first e.m.f. at a phase difference of 60®, and with another 
coil of 60 volts leading the first e.m.f. at a phase difference 
of 130®, or leading the second e.m.f. by 70® phase difference. 

The general equation is .0 = 80 © 90 © 60. 

Polar Diagram. 

Pig. 82 shows the polar vector diftgrfl.Tn for this arrange¬ 
ment. In Fig. 83, vectors OA and OB have been combined 
into their resultant OB, which represents the voltage across 
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Fia.84. Showing how 01^ tharesultaiLt 
at OA and OB, can be combined wHih 
OC to form ORi, which is thus the re¬ 
sultant of OA, OB and OC. 


the series combination of the 80 and 90 volt coils. In Mg. 84 
this resultant OR has been combined with l^e third vector 
OC, and the resultant 
OBi found, which repre¬ 
sents the voltage across 
the series combination of 
the three coils. 

Topographic Diagram. 

The topographic meth¬ 
od of arriving at this 
same resultant ORi is to 
lay out OB from the end 
A of OA at an angle of 
60® to 0A as in Mg. 86. 

Note particularly that 
the 60® angle is on the 
outside, and measured in 
counter-clockfwise direc¬ 
tion (leading). Then lay out OC from the B end of OB at 

an angle of 70® to OB, 
which makes it at the cor¬ 
rect angle, 130®, to OA. 
Note again that this 70° 
angle is on the outside, in 
counter-clockwise direc¬ 
tion (leading). Then from 
0 to C is the resultant OiZi. 

Note that in laying out 
this kind of a diagram, the 
tail of one vector must be 
^ attached to the head of the 
Mo. 85. The topographical vector dia- preceding vector. This 
gram for three vectors, OA, AB and maizes the arrow heads 
BC, joined in series. ^ follow one another, ex¬ 

cept, of course, that of the resultant vector. 

Note also that the phase difference between two vectors 
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BO joined is always measured by the outside angle, between 
the latter vector and the extension of the former vector. 
Nnmedcal Solution. 

The topographical dia^am is simpler than the polar to 
construct and, by means of a few added lines, both are easy 

to use for the computa¬ 
tion of the numerical 
v^ue of the resultant, 
and of its phase relations 
to the other vectors. 

The most common 
method is by means of 
the polar diagram shown 
in Fig. 86. Instead of 
combining the vectors in¬ 
to a single resultant, each 
Fig. 86. The three veotorB OA, OB and vector is resolved into 
00 are resolved into aotions along the components, one on 
horuontal md the vertical axes. ^ 

on the axia xa/. Thus OB haa a component on the x axis 
equal to OH, and on the y axis equal to OM. Note that these 
component actions are all measured from the point 0. These 
show that the vector OB acts to the lij^t by the amount 
represented by the length of OH and acts up by the amount 
represented by the length of OM. In the same way OC acta 
to the left by the amoimt represented by the line OS, and up 
by the amount r^resented by the line ON. The vector 
OA acts to the ri^t only and by the amount represented 
by the length of OA. 

Thus we have a total action, to the il(^t, of 



and to the left of 


OH + OA, 
08. 


The resulting acidon on the x axis, then, must be 
(1) OH + OA-08. 
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But OH = OB 008 60“ = 90 X 0.600 = 45, 

OA = 80, 

05 = OC cos 60“ = 60 X 0.643 f= 32.2. 
Thus 05 + 04-05 = 45 + 80-32.2 = 92.8. 


The total actiou on the x bsib is thus 92.8 to the right. 

On the y axis the total action is up by an amount equal to 

OJlf + 05. 

But OM = OB COB 30“ = 90 X 0.866 = 69.3, 

ON = OC cos 40“ = 60 X 0.766 = 39.3. 

Thus OJf + 05 = 77.9 + 39.3 = 117.2. 

The total resultliig action is 
therefore 

924 to the rig^t' 

and 

117.2 up. 

Now, for the sake of 
clearness, lay these values 
out on another pair of 
axes, as in Fig. 87, making 
OP the 92.8 action to the 
right, and OQ the 117.2 ac¬ 
tion up. 

The resultant 022i of these 
two actions will be the re¬ 
sultant of the three vectors, 
because the two actions OQ 
and OP ore equivalent to 
the three with which we started. 

The value of OiZi can now be found easily by the equation 



Fra. 87. The actiaiiB of the three veo- 
tors of Fig. 86 along the horizontel 
axis ore equal to OP\ along the ver¬ 
tical axie to OQ. OA ia the reeultant 
of the three vectare. 


OPi = V92.8* + 117.2* 
= V8610 + 13,740 
= 

= 149.5 volts. 
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The resultaat of the three e.in.f.’s thus haa a value of 
149.5 volts. 

The phase difference between this resultant and the 80- 
volt phase can be found as follows: 

' 117 9 

0 = 61.6“. 

By meauB of this method the e.m.f. aoross a series oombi- 
nation of any number of e.m.f. ^s with any phase differences 
can readily be found. 



Pig. 88. The three yeotorB OAf Fia. 89. Special generator with 
AB and BC of Kg. 85f are here both of each coil brought 

resolved into their vertical and out. 

horizontal actions for ease in ar¬ 
riving at the mathematiocd value 
of the resultant ORi, 

The same method of computing the mathematical values 
can be applied to the topographical arrangement of vectors. 

Note in Fig. 88 that the res^tant ORi extends to the rl^t 
an amount equal to the line OS. But OS is made up of 
OA + AN (the amount which B extends to the right) — 
MC (the amount which C extends to the left). The values 
of OA, AN and MC are found as shown in solving the polar 
diagram. 

ORi ext&ids up by the amount of the . line SRi, which 
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equals NB (the amount which B extends up) + BM (the 
amount which C extends up). 

The values NB and BM are found and OBi is computed as 
shown in working out the polar vector diagram. Notethatthe 
component actions AN, MC, NB and BM are not measured 
from the point 0, since the vectors themselves do not start 
from the point 0. The component actions of any vector 
by any method always start where the vector starts. 

Draw scheme of electrical connections and rou£^ sketches 
of both polar and topographic diagrams for each of the following 
problems. Obtain numerical result by means of the method 
^own in Fig. 86. 

Prob. 69-3. On the armature of a special generator built for 
the study of phase relationSi there are three separate coils, the 
terminals of which are marked AB, AjRi and AtBi as in Eig. 89. 
The ejni. of each coil is 110 volts. 

AiJBi differs in phase from AB by 90®. 

AaPt leads i-A by 3(f. 

(a) What e.mi. is obtained by joining AiBi in series with AB, 
so that AiBi leads AB by 90®? 

(&) State the phase relation of the resultant e.nLf. to the emi. 
of AlBj noting whether it leads or lags. 

(c) Draw rou^ sketch of sine curves representing all these 
e.m.f.’s. 

Prob. 60-3. (a) What resultant ejoi. is obtained when AiBi 
is reversed in Prob. 69? 

(6) State the phase relation of the resultant ejni. to the emi. 
of AB, noting whether it leads or lags. 

(c) Draw rough sine curves. 

Prob. 61-3. (a) What is the resulting e.m.f. when AB, AiBi, 
AtB% of Prob. 60 are joined in series so that AtBi leads AiBi by 30^ 
and AiBi leads AB by 90®? 

(6) State the phase relation of the resulting e.mi. to the emi. 
of AB. 

(c) Draw rough sine curves. 

Prob. 62-3. (a) What would be the e.mi. across the series cir¬ 
cuit of Prob. 61, if coil AiBa were reversed? 

(b) State phaK relation of resultant e.m.f. to the e.m.f. of AB. 

(c) Draw rough sine curves. 
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Prob. 68-8. Aasume oo3 AiBi in Frob. 61 to be reversed and 
answer (a), (&) and (c), of that problem. 

Prob. 64-8. A'series oirouit conasts of two parts AB and BC, 
in series. A voltmeter placed across the entire circuit, or between 
A and C, indicates 110 voltB, while the voltage across AB is 440 
volts and across BC is also 440 volts. What is the phase an^e 

between e.nLf.’s AB and BC^ 

/ 

Prob. 66-8. A BeiieB circuit is divided into three parts by 
points B and C located oonseoatiTely between the terminals A 
and D. The following voltnaeter leadingB are taken under steady 
oondildoDB of operation: AB 100; BC = 100; CD = 100; 
AC - 173.2; BD = 100; A2) - 200. 

Dnw topographic and polar diagrams to show the relations be¬ 
tween these e.mi.’B. 

Prob. 66-8. Solve problem 85-3 on the baaiB of the following 
voltmeter readings: AB 100; BC 100; CD •m lOO; AC 100 
SD = 100; AD = 173.2. 

Prob. 6T-8. Solve problem 65-3 on the basis of the following 
voltmeter readinga: AB = 100; BC = 100; CD = 100; AC = 
173.2; BD = 173.2; AD = 200. 

Prob. 68-8. Solve problem 65-3 on the basis of the following 
voltmeter readings: AD = 100; BC = 100; CD = 100; AC = 
100; BD = 100; AD - 0.0. 

28. QosedF-delta Connectious. We have seen that in 
a three-phase generator the e.mi.'s of the three phases are 
aJl equal and differ from one another by 120°. When one 
phase is left idle, and the two remaining phases are so 
joined in series that the resulting e.m.f. across the two is 
equal to the voltage across either one, the machine is said 
to be connected in open delta. 

Let us see what the voltage becomes if we join the idle 
phase in series with the two already in open delta. Assume 
that by joining Ai to B, Fig. 81, phases AB and AiBi are 
joined in open delta. Then in Fig. 90, OR would be the 
voltage across ADi, the terminals of the series combination, 
and would be equal numerically to OB, the e.m.f. of AiDi 
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aad to OAj the e.m.f. of AB, Assume that if we now join 
A 2 to Bij the phase OC will lead OB by 120°. We then have 
a series combination the ter- 
minab of which woiild be ABi. 

By the polar method of fiTiHiTig 
the voltage across a series 
combination of three parts we 
draw the resultant of two 
6.m.f.’B OA and OB as in Fig. 

90a, and obtain 012 as before. 

This resultant 012 must then 
be combined with the vector Fia. 90. 

OC representing the voltage of 
A 2 Bi. But OR and OC are ex¬ 
actly equal and are seen by the 



The veotor 012 repre- 
seats the voltage aoroes the 
two ooils AB andAjBi, joined 
in open delta. 


diagram to be exactly opposite. The resulting action, 

or voltage, is therefore zero, 
since they exactly neutralize 
each other. The voltage 
across AB 2 thus seems to be 
zero. Testing this by the 
topographic method we con¬ 
struct Fig. 90b. Draw OA 
to represent the e.m.f. of 
AB; from the head end at 
120 ° to OA, draw AB to rep¬ 
resent the e.m.f. of AiBi; 
Fig. 00a. OC represents the voltage from the head end of AB and 
across the phase Note that at 120° to it draw BC to 

it is eqM and opposite to toe represent the e.nii. of AtBt. 
vector 012, which represents the ... . . w ■ 

A. Tho djstanoe from 0 to C is 



voltage across the open-delta con¬ 
nection of the other two phases. 
A combination of OC and 012 
would result in zero voltage. 

again it is seen to be zero. 


then the resultant voltage 
across the series combioation 
of the three phases. Here 
since C falls exactly on 0. 
The voltage therefore across from A to Bs is zero. It is 
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perfectly safe then to join these points together. No cur¬ 
rent would circulate throu^ the coils, since there woTild be 
no voltage between the ends joined. This is commonly 
done and the maicbiTie so connected is said to be joined in 



phases when so joined. 

closed delta. The word delta is the name of the Greek 
letter A, which closely resembles the diagrammatic repre¬ 
sentation of this connection. (See Fig. 90c.) 

Usually is joined to A.t to Bi and Bt to A, inside the 



Era. 90o. Dugram of a deLta-ooimected tnnnliinp Merely the termi¬ 
nals 1, 2 and 3 are brought outside of the frame. 

frame of the machine and three leads only, one from each 
jund^, are brought out to a terminal-board siinilar- to 
that in Kg. 89. We then have three phases for use and but 
three lead wires, as is seen by Fig. 90o, which shows the 
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connections to the inside of the same msichine. Between 
the leads 1 and 2 is the em.f. of phase diB], between the 
leads 2 end 3 is the e.m.f. of phase dsBs, and between the 
leads 3 and 1 is the e.m.f. of phase AB. 

Prob. 69-8. If the voltage across each path of the annature of 
the three-phase generator in Pig, 81 is 220 volts, show by the 
numericaL solution of a polar diagram for this case that the voltage 
across ABi'is zero when joined in series for a closed-delta connection. 

Prob. 70-n8. If in attempting to malm a closed delta the phase 
AB CEIg. 81) were connected oppositdy, by mistake, what would 
be the result? Draw a topographic diagram to r^resent the 
rdations between the ejni.'s of the three phases, and calculate 
thereby the resultant e.mi. of the serlQB, which would act to pro¬ 
duce an intemal drculatmg current around the dosed delta when 
the connections of the pha^ are completed. Voltage across each 
phase, 220 volts. 

Prob. 71-n8. Eepeat the solutions of Prob. 70-3, with phase 
AiBi only, reversed. 

Prob. 72-8. Repeat the solutions of Prob. 70-3, with phase 
AA only, reversed. 

Prob. 78-8. Repeat the solutions of Prob. 70-3, with phases 
AB and AA both reversed. 

Prob. 74-8. Repeat the solutions of Prob. 70-3, with phases 
iliRi and AA both reversed. 

Prob. 76-8. Repeat the sdutions of Prob. 70-3, with phases 
AB and A A both reversed. 

Prob. 76-8. Repeat the solutions of Prob. 70-3, with phases 
AB, AA and A A all reversed. 

29. Summary of Vector Addition. We have seen that 
by reversing the connectionB of a coil producing an 
we change the phase of the e.m.f. in that coil by 180 eleo- 
trical degrees. Therefore in representing the e.m.f. of the 
reversed coil, we use a vector which has been turned 180® 
from the originfll position. This brings it into a position 
exactly opposite the original position. It makes no differ¬ 
ence whether we call it a lead of 180° or a lag of 180° with 
respect to the original position of the vector, since either 
will bring it exactly opposite the original position. 
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It is necessaiy to choose a certain dkection through the coil 
as the positive direction of the e.m.f. Of course the e.mi. is 
continually alternating^ but we choose one direction as the 
positive direction^ just as we choose the upper loop of the 
e.mi. sine curve as the positive loop 
in order to define the relations to each 
other, of several e.m.f.’s acting in the 
same circuit. 

T 



Fig. 91a. Oofls A and 
B are joined in secieB. 
Arrows show the posi¬ 
tive direotians of e mi. 
in the ooils to be in 
the same direction. 




A 




I 


Fiq. 91b. Tppographio vector diagram of 
the e.m.f.’B in the ooUb of Fig. 91a. 



of emi.’s in coils of Fig. 91a, if the correBponding to topo- 
pbaae difference is ^0^■ graphic diagram in Fig. 


91o. 

Suppose that the ejni. in coil A (Fig. 91a) reaches its 
maximum value in the direction chosen as positive (shown by 
arrow below coil A.), at exactly the same instant that the 
e.mi. in coil B reaches its maximum positive value (chosen 
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positive direction shown by arrow below coil B). The two 
e.in.f.’B are therefore in phase. Let the (+} end of coil A 
(at head of arrow representing positive 
direction of e.ni.f.) be connected to the 
(—) end of coil B. The poative direc¬ 
tions therefore coincide in the series 
circuit thus formdd; the vectors rep¬ 
resenting these e.m.f.’s are pointed in 
the same direction, so that in a topo¬ 
graphic diagram (Fig. 91b) they lie Fro. 62a. The oonneo- 
along the same straight line with head to B 

end of one touching tail end of other. 

The total e.m.f. is equal to the arith- the positive directionfl 
metical sum of the e.m.f/s A and B. of the ejni.’s in the 
Suppose now that the e jn J.’s remain two ooila oppose each 

imchangedi while we reverse the coft- other, 
nection of B to A, as shown in Fig. 02a. Considering the 
entire series circuit, we see that the e.m.f. in A reaches its 
maximum (+) value at the same instant that the e.m.f. in 
B reaches its own TnaxiTtinm (+) value, but the latter value 




Fig. Q2b. The topographic vector diagram for the ejn.f/s when so 
joined that they oppose each other as in Fig. 02a. 


is opposed to the former on account of the manner of con¬ 
necting between coils. Plainly, the total e.m.f. is now the 
arithmetical difference between the e.m.f.’B of A and B, as 
illustrated by the resultant vector OR in the topographic 
diagram Fig. 92b. 

Before we make a summation of vectors in any vector dia¬ 
gram, it Is absolutely necessary that we arrange all vectors so 
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thit they rqireaeat phase rdations between the vaiious 
or currents, with req)ect to the same posttire direction tlirnwg ii 
the entire dxctiit The ahgleB between veotots on any pvea. 
plane diagram can represent only one thing: in a force 
diagram in mechanics, the angles between lines of force 
ropresent actual differences of direction in space, whereas 
in an electrical diagram, where each vector represents an 
alternating e.m.f., the angles between vectors represent the 
time or phase relations between the ejn.f.'B. There are, 



Fib. 92a Hie topographio vector diagtam of the ami.’s in nnilp A 
aadB of Eg. g2a if the ami.’s are at 60” to each other. 

however, three ways in which alternating e.m.f.'s differ 
among themselves, namely, value or magnitude, time relation 
between thdr maximum values (or phase relation), and 
direction through the electrical circuit. The vector dia¬ 
gram can represent only two of these differences: the length 
of ^h vector represents the effective or the maximum 
vdue of the e.m.f., and the angles between vectors represent 
differ^ee of phase, or difference in time between the instants 
at which the corre^onding e.m.f.’s at tain their respective 
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maximum values. As the relative direction of the various 
e.in.f.’s or currents through their common clrouit cannot 
be represented bn the diagram, it is necessary to arrange 
the vectors so that differences of direction are eliminated^ 
before they can be combined to find the total or resultant 
e.m.f., or current, in the circuit. 

This will be clearer if we discuss e.m.f.’s which have some 
other phase difference than 0° 
or 180°. Let us say that the 
e.m.f. in B (Fig. 91a) reaches its 
maximum value 60° (one-sixth 
period) before the e.mi. in A 
reaches its maximum value, in 
the directions marked by arrows 
as positive. As the positive 
directions of both ejn.f.’B in 
this case point in the same 



direction through their common Rearranged topo- 

circuit, the topographic dia- 
gram. Fig. 91c, represents cor^ 

rectly the vector relations, and the vector 22i represents the 
resultant or total e.m.f. A® B. When we reverse the con¬ 
nections of coil £ as in Fig. 92a, we must also reverse the cor¬ 
responding e.m.f. vector as in E^g. 92c. Now the topographic 
diagram should be aoranged so that the resultant is repre¬ 
sented by a line drawn from the tail of the first vector to the 
head of the last in the series, but this requires that all the aiv 
rows point in the same direction; head of one joined to tail of 
next, and so on. Since Fig. 92c does not allow this. Fig. 92co 
is arranged in this way, and is exactly equivalent to Fig. 92c. 
After this rearrangement of vectors has been made, the re¬ 
sultant is obtained directly, as ft, by joining the beginning 
of vector A to the end of vector B, with a straight line; 
ft lags behind A by the angle 6 and leads B by the angle 
Notice here, that when Bn occurs 60° earlier than Am but in 
the opposite direction (as in Fig. 92o), the resultant is exactly 


I 
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the same as when ocouts 120° later than but in the 
same direction (as in Fig. 92oc}. This must be so, of course, 
because an ejnreaches its TnaTiTnnm value in one direc¬ 
tion just cne-half period or 180 electrical degrees before (or 
after) it passes through its maadmum value in the opposite 
direction. So when B m added in the direction opposite to A 
and leading A by 60°, it is ^uivalent to adding B in the same 
direction as A but leading by (60° +180°), or (60° — 180°), 


/ 


Fiq. 92dL Polar diagram oor- 
reapondiiig to topographio 
diagrama 02a, b, o. 

which means leading by 240** or lagging by 120^, as shown in 
Fig. 92oo. Figures 91d, 92d and 92dd are the polar diagrams 
corresponding to Fig. 91o, 92o and 92cc, re^ectively. 

Note the following with regard to vector diagrams: 

First. The arrows in Fig. 91 and Fig. 92 do not represent 
any Instantaneous direction of ejnJ., but merdy the direction 
which we decide to call the positive direction, in order to 
draw our vector diagrams conv^ently for fiudiug result¬ 
ants. 

Second. Before the parallelogram may be completed in 
order to find the resultant diagonal in any polar diagram, the 
angles between vectors must be so adjusted that all vectors 
point away from the origin or pole. 





FiG,92d(L Rearranged p<^ diagram 
ofFig. 92d, putting veotorB BO that 
it starts from 0. 
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Third. Before the resultant veotor may be drami, joining 
the tail of the first vector to the head of the last of any 
string of vectors in a topographic diagram, the angles be¬ 
tween vectors must be adjusted so that aU vectors point in the 
same direction along the string. 

The following figures show the polar and topographic 
vector diagrams for phase differences of 60^, 120° and 180°, 
lead or lag, and connections aoranged for either additive or 
subtractive relation of positive directions in the circuit. 
These are the relations most commonly met in practice. 
The diagrams have been arranged to show the differences 
and the fundamental ideas as clearly as possible. In fact 
they form a sort of index to the subject of vector diagram 
interpretation of e.m.f. or current relations in the alternating- 
current circuit, and iC thoroughly mastered they can be 
used as a sort of reference to check all future vector diagrams. 



Fiq. 03b. Coil oonneotioiiB ahowing direotionB in 
which e.mi.’s reach Tnaarimum values with time 
differenoGB as represented by the phase ATi glan 
of the vector diagrams. 

A and B are in phase: That is, they both reach their positive maxi¬ 
mum values at the same instant and the negative mflariTnuTn values at 
fliA namA instant. 
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Bio. Q3bb. Coil oonneotioiiB wbich produoe this result. 
Note that in all oases the positive dbeotion through one 
coil is reversed from its oorresponding direotion in Fig. 08b. 


B leads or lags behind A by i8o^ That is, + Bm occurs 180** later or 
sooner than + Awh and — Bm occurs 180° later or sooner than ~ Am, 
6to.| + -Ba therefore ooours at the same instant as — Am and vice versa. 



Fig. 04a. Fokr dia- tiona to produce this Fio. 94o. Topographic 
gram of vectors. effect. diagram of vectors. 

B lags 6o° behind A, In fbe same direction. That iSj + Bm ooours i 


period after + Am, and -- Bm ooours i period after — Am. 



lia.94aa. Pdardiar poaglble oon- I^o.94oo. Topograph- 

gram of ▼eotora. neoioonB to produce <3ia«ram of veotore. 


this result. 

B leads A by xao°i in the opposite direction. That isi + Bm occurs ) 
period before — Am and — Bm occurs f period before + Am. 

Note that the resulting vector diagrams are identical with Fig. 
04a and o, in whidh B lags 60° behind A. This shows how the reversal 
of con connections is equivalent to the reversal of the positive direction 
throiigh the ooilj or to changing the phase of the vector by 180°. 
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gram of veotors. 



Fig. Q5b. Two of the 
many possible ooimeo- 
tioDB to produce this 
result. 



Fig.05o. Topograph¬ 
ic diagram of veotoirB. 


B lags 120 ^ behind A, In the same direction. That is, + ooouia 
120^ later than + Am and — Bm occurs 120^ later than —An, etc. 



diA griLm of Veo- 
tors. 



Fig. 05bb. Two of the 
many possible con¬ 
nections to produce 
this effect. 



Fig. 05cc. Topographic 
diagram of vectors. 


B leads A by 6o®, in the opposite direction. That is, -|- Bm occurs 60® 
sooner than — Am and - Bm occurs 60® sooner than + Am, etc. Note 
that these diagrams are similar to 96a and o, showing that alead of 60® in 
opposed directions is equivalent to a lag of 120® in the direction. 



"Bta, 96a. Polar vec¬ 
tor diagram. 



Fig. 96b. Two of the 
many possible con- I 
neotions to produce Fig. 96c. Topographic 
this condition. vector diagram. 


B leads A by 6o®, in the same direction. That is, + Bm occurs 60® 
before + Am and — Bm occurs 60® before - Am, etc. 

Compare carefully with Pig. 95aa and 96cc to note the meaning of 
terms used. 
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tor dia^am. this condition* vector diagram. 

B lags behind A by 1B0°| in the opposite direction. That is, + Bm 
ooours 120^ later ^ Ami and — Em occurs 120" later than -|~ Ami etc. 

Compfiure oarefuUy with 95a and 06o and note the difference in 
mGaDing of the tennSi lag lS(f in the sotm direction** and “ lag lS(f in 
the (jppoeite direction.** Note also the flimilarity of all Fig. 96 diagrams. 



Feg. 07a. Polar veo- nections to produce Fig. 07c. Topographic 


tor diagram. this result. vector diagram. 

B leads A by 120", In the same direction. That is, + Bm occurs 120" 
before + Am and — Bm ooours 120" before — Ami etc. 

Compare carefully with Fig. 94aa and 94oc to note the difference in 
meaning of the terms ** leads by 118(1* in the same direction** and “ leads 
by in the opposite direction.** 



Fia.97aa. Polar vec- nections to produce Fig. 07co. Topographic 


tor diagram. this effect. vector diagram. 

Blags behind A by 60°, in the oppo^ direction. That is, + Bm occurs 
00" after — Am and — Bm ooours 60" after + Am, etc. 

Compare carefully with Fig. 94a and 04o to note the difference in 
meaning between “ lags 6(1* in the same direction ** and lags in the 
opposite direction” 

Note edso by the similarity of all diagrams in Fig. 97 that " leads by 
IBT in the same dire(dion ** is equival^t to ** lags ecf in the opposite 
direction** 
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Prob. 77-8. The e,ini. of 110 volts across the coil AB, Kg. 98, 
leads the e.mi. of 110 volts across CD by 120®, with respect to 

positive directions as marked. Oon- ^ _I_ ' 

struct polar and topographic vector 
diAgrftTriH and compute the 6jn.f. 
between the wires 1 and 3. 

Prob. 78-8. The e.m.f. of 110 
volts across the coil RS, Kg. 00, 
leads the e.mi. of 110 volts across 
the coil TV by 120®, but the pos¬ 
itive directions are opposed. Con¬ 
struct polar and topographic vector 
diagrams and compute the e.mi. 
between the line wires x and y. 

Prob. 70-8. Solve Problem 77 
assuming that the e.mi. of AB 
leads the e.m.f. of CD by 60®. 

Prob. 80-8. Solve Problem 78 assuming that the e.mi. of R8 
leads the e.m.f. of TV by 60® with positive directions opposed 

R _ s Prob. 81-8. Assume that’the 

oooWJdhhbo^ phase difference in Prob. 77 is 16® 
and recompute the e jn.f. across 1 
and 3. 

^ IX «« Prob.82r-8. Compute the e.m.f. 

Kg. 99. The voltage ^ across x and y, Prob. 78, assum- 

leads the voltage aoess ^ TV ^ by phase difference is 16® with 

120 but in the opposite direction, positive directions opposed. 

Prob. 88-8. Repeat Problems 77 and 78, using a phase difference 
of 146®. 


Kg. 98. positive direction 
through the coils is tVie same. 




30. star or Y Comiections. If, by applying the volt¬ 
meter test, we found that the correct open-delta connection 
for the three-phase generator in Kg. 100, was to join Ai to 
B, there would be the same voltage from A to as from 
A to B when the phases are so joined. The simple diagram 
of connections would be as in Kg. 100a, which is equivalent 
to Kg. 97b. The vector diagram would be like Fig. 97c. 
This is also shown by the topographic vector diagram in Pig. 
101 , which is self-explanatory. 

Suppose now that we reverse the connection to phase AiBi 
by connecting Si to S instead of Ai to S. The simple con- 
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nection Hiagram now becomes Fig. 102 which is like Hg. 
94bb. The positive directions through the oircuit now oppose 



each other. The topographic vector 
diagram will be like Fig. 94cc, ae 
indicated in Fig. 102a, which is a 
topographic diagram difFeiing from 
Fig. 101 only in that the end Bi 
instead of the end 
Ai of vector AjjBi 
is attached to the 
end B of vector 



EiQ. 100. A tbiee-phase AB. The magni- Fis. 100a. The aimple 
generator with both ends tude and relative diBcram of conneo- 


of each phase brought position of these *1®“® ^ 

vectors remain 

tmchanged. Fig. 102a shows that the mrig. 


AB and AiBi reach maximum values in opposite 


directions through their common series circxiit, at instants 



Fig. 101. Topographlo veotor diagrfl.Tn for the voltage acrosB on open^ 
delta oonnection. 

separated by an interval of time represented by 120 eleo 
trical degrees. 

Before we can add these vectors and get their resultant, 
we must redraw the diagram so as to show the differences 
of phase, or time, between the instants at which they reach 
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their miwriTniinfi iiistaataueous values, in the same direction 
through their common circuit. If the e.mi. (Ai to 
leads the e.m.f. (d. to B) by 120°, then 
the e.mJ. (Bi to dj) leads l^e e.m.f. (d 
to B) by (120° d: 180°), or lags behind 
the e.m.f. (d to B) by 60°. But the 
directiouB {Bi to di) and (d to J?) are Fiq. 102. TheaimplB 
identical in the new series connection of oonneoiaoii d ia g ram 
coils, hence after reveising the direction 
of the diBi vector (or swinging it through 
180°), as in Fig. 103, we have the correct «nTin««^aATi to oo3 
arrangement for a topographic diagram; AB. 
and then a straight line drawn from d to di represents the 
total e.m.f. of the two phases in series, with Bi connected 
to 5. ^ 


I 
1 
I 
I 

I 

Fig. 102a. Topographic vector Fig. 103. Topographic solution of 
diagram of e.m.f.’B in coils AB the diagram in !l^g. 102a. The 
and AiBi of the generator of vector AAi represents the e.m.f. 

Fig. 100| when the connection across coils AB and AiBi when 

of AiBi is reversed. Bi is joined to B. 

The numerical value of this resultant e.m.f. from Aixy At 
(Pig. 103) may be found by the law of sines (see Appendix A), 
e.m.f. A to Ai _ sine 120° _ .866 _ _ 

A Tnf Af^Tt “ Bine30° “ "iS 1-73=V3(whendBand 

diBi are equal), 

or e.m.f. (d to di) = Vs X e.m.f. (d to B), 

oe Ea^a = 1.73 X 220 = 381 volts. 
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Thus the voltage across the points A-Ai of the two phases 
BO joined in series is Vs, or 1.73, times the voltage across one 
phase. When one phase of an open-delta is . reversed the 
voltage across the combination always equals Vs, or 1.73, 
times the voltage across one phase. 

By joining the phase AtBt (also in the reversed direction) 
to tiiis combination of the other two phases (that is, by 
joining end B% to the juncture of B and £i), we get the star 
or T connection; so-called because the figure made by the 
joined phases resembles a star or the letter Y. Thus, when 
the three phases all have their B ends joined they look like 


Fio. 104. TheconvenldonBldia- 
gram f or a Y-oonneoted set of 
oaOs. Compare with Fig. 106, 
whioh is a a-oonneoted set. 

Fig. 104. Compare this with their appearance when joined 
in delta as in Fig. 105. When Y-connected there are three 
sets of two phases in series, but note that in each set one of 
the phases is reversed from its position in the delta connec¬ 
tion. Thus the voltage across any pair is equal to Vs 
times the voltage across a angle phase as shown in the 
solution of Fig. 103.' 

Prob. 84-3. What would be the voltage across any two ter¬ 
minals of the generator in Prob. 60 if it were Y-oonneoted? 

Prob. 86-8. The voltage across any two terminalB of a Y-con- 
neoted generator is 381 volts. What is the voltage across each 
component part of any armature path in the maohine? 




of coils. 
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31. Parallel Connections. Suppose that we connect two 
valveleas pumps of exactly the same size in series as in Fig. 
106. Note that the head end of one pump is connected to 
the crank end of the other. Since they are in series the same 
current is flowing through each as is flowing through the 
pipe line. Let us assume that the maTriTmim current foi 
each is 100 gal./min. 



Then, at the position at which they happen to be at this 
instant, 25® from the dead center (m) the current flowing in 
each would be 

100 sin 25® = 42.3 gal./min. 

This would also be the current in the main pipe line. Now 
suppose we connect the same pumps in parallel as in Fig. 107. 
Note particularly that now the two head ends are joined, 
and the two crank ends. This amounts to turning one pump 
around, or reversing it with respect to the path through the 
pumps. 

They no longer pump water through each other in forcing 
it into the line, but each supplies a separate current to the 
main pipe line. Thus the current flowing in this pipe line 
must be the sum of the currents supplied by the two pumps. 
As the pistons have the same positions as in Fig. 106, they 
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must each be supplTiug 42.3 gal./iiun., and the main pipe 
line must be oanTiug 2 X 42.3 gal./min., or 84.6 gal./muL 
It is to be noted also that in order to supply this current 
to the line, each pump must exert exactly the same pressure 
as the other at dl times. Thus it must not only have the 
same TnaTrimiiTn pressure as the other, but it must also reach 
its mii.Timnm pressure at the same instant that the other 



Fia. 107. The two pumps are in paraHeL Note that this mode at 
ooimeoiaon amounts to the revonal of the series oonneotion. 

does. In other words, in order to work satisfactorily, the 
different units of a parallel combination must have the 
same pressure, and be in phase and in synchronism. 

The same thing is true of alternating-current generators. 
They must not only have equal voltage, but they must also 
run in phase and. in synchronism, that is, reach their maxi¬ 
mum, miniTuiun and other instantaneous values at exactly 
the same instant. 

What happens when two alternators are not synchronized, 
can easily be understood by referring to Fig. 108, which 
represents the same two pumps running in parallel, but out 
of phase. 

The current being delivered by (^linder A equals 
100 sin 90“ =» 100 gal./min. 
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The current being delivered by cylinder B equals 
100 sin 300“ = -100 sin 60“ 

= —86.6 gal./min. 

The statement that cylinder B is ddlveiJng —86.6 gal./niini 
means that it is receivliig 86.6 gal./min. 



phase. 

Thus, if is delivering 100 gal./min and B is receiving 86.6 
gal./min., then the pipe line must be getting at this instant 
only 100 — 86.6, or 13.4 gal./min., although each pump is 
working as fast as when they were in phase in Fig. 107. 
In other words, if two pumps were connected in this manner 
and were out of step, they would be delivering a consider¬ 
able current of water to each other, and thus the line would 
receive but little. 

This is exactly what happens if two alternators are con¬ 
nected in parallel when they are out of phase; they send 
through each other such large surges of current which do 
not reach the main line at all, that special protective appa* 
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ratus is usually installed to prevent the generators from 
ruining themselves from this cause. 

Another way of showing the same thing would be to com¬ 
pute the TnairimiiTn current for both Fig. 107 and Fig. 108, 
instead of some other instantaneous current as above. 

The toi)Ographic vector diagram for Fig. 107, where both 
are in phase would be as in Fig. 109, where represents the 
current delivered by pump A, and Is the current delivered 
by pump B. 



Feq. 109. Topographic vector diagram for current delivered to the 
line by the pumps in Fig. 107. 

The mftTimnm current in the pipe line would be the 
vector sum, 01 Bs of the currents in each cylinder or 

= = 100 + 100 
= 200 gal./mm. 

Simil^ly, the vector diagram for Fig. 108, when they are 
(300° — 90°), or 210°, out of phase woxild be as in Fig. 110. 
The current in the pipe line would be the vector sum 07 b of 
the cuirents in each cylinder. Note how much smaller 
07 b is in this figure than in Fig. 109. 

7iiiio = 7^ © 7 b 

The value of this line current can be foimd more easily 
from the polar diagram constructed in Fig. Ill, where OR 
equals the line current. 
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W =/A* + W + 27A/iioosl60® 

= 10,000 + 10,000 - 20,000 X 0.866 
= 2680, 

JHi»e= V2680 

= 61.8 gal./iniiL 

The mariminn cairent ever flowing through the Hne 
would then be but 51.8 gal./mm., although throu^ each 
pump would be flowing a TnayiTmiTn current of 100 gal./min. 
Compare this with 200 gal./znin. in the mam line when the 
pumps were running in phase and in ^ynohroniam. 



Fig. 110. XojKigraphio vector dia- 
gram for the current doliyered 
to the line by the pumps in Fig. 
108. 



Fig. 111. Polar vector dia¬ 
gram for the current de¬ 
livered by the pumps in 
Fig. 108. 


Prob. 86-4I. The pumps in !Elg. 107 are running in phase and in 
synchronism and each supplies a TnaYiTniiTn current of 48 g^./min. 
What current is flowing in the pipe line, when the pumps are at 
the 135" position, and in what direction is it flowing, clockwise or 
counter-clockwise? 

Prob. 87-8. If the pumps in Fig. 108 were only 30® out of 
st^, what would be the manmum current in the maiTi pipe line? 

Prob. 88-8. What would be the valuea of the instantaneous 
currents in each of the pumps in Prob. 87, when the current in the 
pipe was at the ma-riTmiTn value? 

Prob. 89-8. If the pumps in Fig. 108 were 180® out of phase, 
what would be the iriATiTYmm current in the pipe line? 
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32. Parallel Circuits; Voltage and Cuirent Relations. 
The above disGUsaion has a close analogy in the case of two 
alternators and B connected in parallel as in Fig. 112, and 

delivering current to the com¬ 
mon mains. Assume that each 
generator delivers normally a 
maximiun current of 100 am- 
Eig. 112. The altematon A and peres and that the current out- 

B^ooimectediiipaxaMaDd put of each maobme remflinfl the 
DotaBappIyourrent to theline /./xn 
if1ih«y^in?yMhionimn: Bame(100am.pere8manmum,or 

70.7 amperes effective) under all 
conditions. Then, if they should get as much as 210° out of 
step, the resulting current in the line would drop to 36.6 
amperes effective if the current of eaoh stays constant (or 
OIb, Fig. 110, -r V2), as against 141.4 amperes effective (or 
01B, Kg. 109, -J- Vi), when the machines were in phase. As 
a matter of fact, the impedance of eaoh machine is so small 
that it requires but very small phase difference to allow one 
machine to force an enormous surge of current through the 
other, since it is the e.m.f. of each generator[]|which remains 
constant and the current increases greatly. Unless protected 
by automatic devices, the machines may be damaged. Such 
protection is afforded by an automatic drouit-breaiker con¬ 
nected in the leads between the terminals of each generator 
and the bus-bars; also, by “current-limiting reactance coils.'* 
From the foregoing it may be seen that: 

First. The voltage across a parallel combination is the same 
as the voltage across each branch. 

Second. The cuirent through a parallel combination equals 
the vector sum of the currents through the branches. 

The Impedance of a parallel drciut will be taken up in the 
next chapter. 


It will be seen that the rules for the current and voltage 
relationB Jn series and parallel combinations are the same 
for alternating currents as for direct currents, except that 
whenever the word sum appears in alternating-current work, 
it must be understood to mean the vector sum. 
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Fia. 113. Ammeters Ai and 
At measure the cuirents in 
the paraUd branoheB of the 
oirouit. Ammeter A% meas* 
ures the resulting current 
in the linn- 


Ptob. 90-8. A choke coil carrying 12 amperes is put in parallel 
with a resistance carrying 6 amperes. The current in the choke 
coil lags 80^ behind the current in the resistance. How much 
current does the line feeding them carry? 

Prob. 91-8. In the parallel circuit 
of Pig. 113, arC. ammeter At reads 32 
amperes, At reads 21 amperes and Ai 
rea^ 18 amperes. What is the dif¬ 
ference in phase between currents 
through Ai and Ai? 

Prob. 99-8. What is the phase 
difference between Ai and As in Prob. 

91? 

Prob. 93-8. If the current throu^ 

Ai in Fig. 113 were 90^ ahead of the current throu^ As and 
these ammeters read 20 amperes each, what would As read? 

Prob. 94-^. If the current throu^d^ the a-c. ammeter Ai were 
120° behind the current throu^ Ai, and the two ammeters read 
20 amperes each, what would ammeter As read? 

Prob. 95-8. A circuit consists of three branches. Throu|^ 
one branch flows an alternating current of 10 amperes. Throu^ 
the second branch flows an alternating current of 12 amperes, lag¬ 
ging 30° behind the current in the first branch. Through the third 
branch flows a current of 8 amperes leading the current in the first 
branch by 50°. How great is Ihe current 'dirough the wire feeding 
the combination? 

Prob. 99-8. How large will the instantaneous currents be in 
the second and third branches of Prob. 95, when the current in the 
first branch has a value of 13 amp.? 


33. Current in the Phases of a Delta-connected Ma¬ 
chine. Assume that the three phases AH, HC, and CA 
of the generator in Fig. 114 are connected in delta as shown 
and are feeding the line wires 1, 2, 3, to which is attached a 
three-phase a^-c. motor. As we have previously seen, when 
a generator is delta-connected to the line, there is the same 
voltage across each pair of line wires as across each phase of 
the winding. Let us assume this to be 220 volts. 

Let us see how the current in each line wire compares 
with the current flowing in each phase of the generator, 
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which we will assume to be 25 amperes. Consider the 
current in line wire No. 2. This wire is fed by two currents, 
from the phases BC and CA in parallel. Each line wire on 
any three-phase system may be considered as a return wire 
for the cuirents flowing on the other two line wires; the 



rts. 114. The phases of the generator atre oonnected in ddta and 
deliver ouirent to the line wires 1, 2 and 8. 

current flowing out from the generator along one line wire 
must be equal in value and of opposite phase to the vector 
sum of ciurents flowing out from the generator along all 
other line wires of the system. In fact, we merely apply to 
the point C where line wire 2 joins the phases BC and CA, 
that one of ij^chhofi’s laws which states that, wherever any 
number of conductors join at a point, the sum of currents 
flowing away from that point must be equal to the sum of 
currents flowing toward the point. This rule holds alge¬ 
braically or arithmetically with regard to direct currents or 
with regard to instantaneous values of alternating currents. 
It also applies vectorially to effective and TnuTimnm values 
of alternating currents. 

Having chosen the positive directions following one an¬ 
other all in the same, direction around the delta as in Fig. 115 
(this being the only way in which each e.m.f. can lead the 
preceding one by the same angle, namely 120°), these arrows 
will show sJso the xx>sitive directions for currents in the 
delta. Consider the usual case of a "balanced load," in 
which the currents in the various windings have the same 
phase difference as the corresponding e.m.f.’B. The current 
flowing in line wire 2 must be the vector difference of the 
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currezLts in phases BC and CA of the generator. This is 
true regardless of which direction we choose as positive in 
the line 2. Thus^ suppose we choose the positive direction 
in 2 as outward from (7, as shown in Fig. 115; then, suice 



Fuq. 115. The aiTOWB show the direotioii ohoseii as positEve for both 
ejni.’s and currents in a deltaroonneoted machine and leads. Note 
that the positive direction in BC and in the line wire 2 are in the same 
direction, but that the current in Cd. is in the opposite direction. 
The arrows do not indicate instantaneous values. 

the positive directions of the current in CA and in line 2 
are away from C while only that in BC is toward C, it must 
be that the current out along 2 is equal to the current in 
BC minus the current in CA. The subtraction is by vec¬ 
tors, if effective (or marimum) values of current are used. 
It is by plain arithmetic, if instantaneous values of current 
are used. In the latter case note that the instantaneous 
current in CA must nearly always be negative or opposite 
to the marked positive direction, whenever the instantaneous 
current in BC is positive or the same as marked by the arrow 
on BC, on accoxmt of the 120° phase difference between CA 
and BC. This means that the instantaneous current in line 
2 must usually be the numerical sum of the instantaneous 
currents in BC and CA, since it is usually the difference be¬ 
tween a positive and a negative current. 
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The positiye direction is chosen outward along line 2 in 
Kg. 116, and the corresponding topographic vector diagram 
showing the derivation of resultant vector of current in line 2 
is shown in Kg. 116. The total current out of terminal C 



Fig. 116. Topographic vector diagram. The veotor BB representa 
the ourrent delivered by the ooil BC and AC to the line No. 2. 



Fio. 117. The result of considering the current in line wire 2 to have 
its positive direction toward C, instead of away from C as in Fig. 115. 
Note that the oinrent in ilC and line 2have the same positive direction. 

from the generator windings to line 2 is equal to the current 
(5 to C) minus the current (C to A)\ but minus (C to A) is 
the same as plus {A io C), that is, the vector CA reversed. 
After reversmg veotor CA, we add it to the vector BC by 
the topographic diagram of Fig. 116; the resultmt BB rep- 
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resents the total current delivered by the generator wind¬ 
ings out of terminal C to line 2, or (Jbc 6 Ioa)^ 

The current CA leads the current in BC by 120® but 
in the reversed direction, if weiconsider the direction of 
currents positive as marked in BC md line 2. Fig. 116 thus 
is like Fig. 94co, with which it should be compared. 



Fig. 118. Topogfaphio veotor diagram ooire^nding to Fig. 117, with 
the positive direction in line No. 2 reversed. AR r^resents the our* 
rent in line wire No. 2. 

If the positive direction is chosen inward from line 2 
toward terminal C, as in Fig. 117, the corresponding vector 
diagram is given in Fig. 118. The resultant RA represents 
the vector difference {Ica © Ibc)) which is the total current 
flowing away from C within the windings of the generator, 
or toward C from line 2. The resultants in Fig. 116 and 
118 both have the same value and the same phase relations 
to the currents in the other parts of the system, therefore it 
appears to make no difference whatever which direction we 
choose as positive in a line wire. 

From the vector relations in Fig. 116 and 118 we may 
calculate the value of the current passing between line 2 
and terminal C as follows: 

or {RAy = (CA)^ + {BC)^ + 2 {CA) {BC) cos 60® 
(solving as a parallelogram, see Appendix A) 
or 

h/{BC) = sine 120®/sine 30® 

(solving by law of sines, Appendix A). 
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By either method, siaoe CA is numerically equal to BC for 
a "balanced load ” such as ia assumed in this case (26 am¬ 
peres in each phase of the generator winding), we arrive at 
the result: 

I, = V3 (BCf) = V3 (CA) = 1.73 X 25 = 43.3 amperes, 

or, in general, current in each line wire = V3 X current in 
each phase of the delta. The complete vector diasram, show¬ 
ing relations of value and phase for currents'in all parts of 
the delta and all line wires, is shown by the topographic 
Hiagrn.iTi in Fig. 110 and by the polar diagram in Fig. 120. 


B 



?ia. 110. Topograiduo vector diagram showing the currenta and 
phase relaticms of the oirouits in the three line wires. 

h each case the positive direction of the current in the 
ine is out from the machine. 

Any machine using more than one phase is stud to be a 
lolyphase machine. When the currents in all the phases are 
qual, the phases are said to be balanced. 

The oonditiona of a balanced three-phase delta-connected 
ircuit are then: 
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z. The voltage between any pair of line wires equals the 
voltage across one phase of the generator. 

a. The current in each line wire equals V3 times the cur¬ 
rent in each phase. 



Fig. 120. Polar vector diagram ooiresponding to the topographic 
diagrama of Fig. 119. 





Fig. 121. An induction motor built by the Qenend Electric Co. 

Prob. 97-n8. Give diagram of Y connections for generator in 
Fig. 81. Assume each phase to carry 140 amp. and to maintain a 
voltage of 240 volts across the phase terminals. Compute with 
aid of vector diagrams: 

(a) Voltage between each pair of line wires. 

9) Current in each line wire. 
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Prob. 96-8. Eram data of Proh. 97 make a statement as to a 
balanced Y connection conoeming: 

(a) Bdation of voltage between any pair of line wires to voltage 
acrosa each phase. * 

(&) Belation between the ourrent in any line wire to the current 
in e^ phase. 

Prob. 09-8. In the induction motor of Fig. 121, the voltage 
between leads is 550 volts and each lead carries 15 amp. when the 
motor is running under full load. If the cdls of the motor are 
delta-connected: 

(a) What is the voltage across each ooil? 

What ourrent does each coil of the motor cany? 



Fiq. 122. The omrent is a maximum when the piston is passing 
through this position. The pressuiei however, is a minimum as the 
water stands at the same level in each pipe. 

Prob. 100-8. Assuming the same voltage between the leads 
and the same ourrent for each lead wire as in Prob. 99, but with 
the motor coils Y-conneoted: 

(a) What is the voltage across each ooil of the motor? 

(h) What is the current through each coil of the motor? 

34- Current and Voltage May Diflfer in Phase. The 
current and the pressure are not always in phase with each 
other, that is, they do not always reach their respective 
maximuTn values at the sEune instant. This may be illus¬ 
trated by the water analogies in Fig. 122 to 126. 

In Pig. 122, the piston has reached the mid-position where 
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the crank is maJdng an angle of 90^ with the line of dead 
centers. Thus it is traveling at its fastest rate, and the 
amount of current is maximum. 

However, the pressure set up, that 
is, the difference in level of the water 
in the stand pipes, is zero. The vec¬ 
tor diagram of this case is shown in 
Fig. 123, in which the current vector 
7«n is at the 90^ position and has its 
maximum instantaneous value, while 
the pressure vector (fc) is at the zero ■ j 

position and has a zero instantaneous ' 

yaJue. Fig. 123. Polar veotordia- 

In Kg. 124, the piston has reached ^ 

the extreme left of its stroke, 180 instaiitaneouB value of 
from the zero position, and is the current /» is at a 

therefore, at this instant, motionless, maxiinum, while the in- 

Accordingly, the current is zero. But Btantaneoua value of the 
the pressure (h) set up between the ^ 

two stand pipes is at its greatest possible value. This is 
represented in Fig. 125 by the vector diagram, in which the 


Fio. 124. The current is zero, but the pressure h has reaohed its 

maximum. 

vector I„ represents the maximum current and (h) the max¬ 
imum pressure. Note that Im is at the 180° poffltion and 
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has a zero mstantaneous value, while A ia at the 90° position 
and has a TnaTimimn instantaneous value. 

In each case the current and pressure have as great phase 
difference as they can ever get; that 
is, one is zero while the pther is at 
I its ma.'giTnnm . They are said to differ 

/ in phase by 90°, because ingoing from 

zero to TnA.TirmTin value any alter¬ 
nator quantify goes through 90°. 
An. {dtemating current of eleotridly, 
in the same way, can be as much as 
90° out of phaM with the voltage 
which produces it. Fig. 126 is the 
dne curve representation of such a 
case where the current is lagging 50° 
behind the e.m.f. 

Note that the voltage already has 
a value of ci at 60° when the current 
is zero, diowing that the voltage is 
50° aheetd of the current, ^en the voltage has its man- 
mum value the current has a value of it only, etc. The 


Ito. 126. The polar veo- 
tor diagram lor Fig. 124. 
The oinreat !■» bee be¬ 
come aero, wbQe the 
preesuie A is at a mam- 
mum. 



Fra. 126. Sne curve dunring a ounent I lagdug 60” behind the 
deotromotive force E. 

ejn.f. reaches the Tnn.TriTnHTn at 90°, while the current reaches 
a TnammiiTn when the voltage is at the 140°. Here again the 
current is 50° late. 
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The ciureiit and voltage of a given part of a circuit may be 
represented on the same vector diagram, as in Fig. 127, and 
the vector representing the current need not even be drami 
to the same scale as the voltage vector. 



Fie. 127. Polar vector diagram for an ejni. of 163 volfaB, marfmom 
leading a current of 3.64 amp. nuLTimnmj by 80 electrical degreea. 

Bzamide 6. In a certain choke coil the current lags 80^ behind 
the impreBsed voltage. The current equals 2.6 amp. and the 
pressure, 115 volts. What instantaneous value will the current 
have when the voltage has an instantaneous growing value of 100 
voltB? 

l 4 iy out, Ilg. 127, B 163 to any scale; draw the petpea- 
dicular e, tite instantaneous value, equal to 100 vdlte; 

0.614, 

^ — 3^ approx. 

Now draw Im ~ 3.64 amp. and oonstruot i, the instantaneoua 
value of the ounent, perpe^oular to the x axis. 

Aneled-80“-38*-42". 
i =• /«dn9 

-3.64 on 42” 

- 3.64 X 0.660 

— 2.37 ampb 
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fimoe i is below the x axis, it muet be negative. Thue the 
instantaneous value of the ourrent equals —2.37 amp. (in a direc¬ 
tion opposite to the pressure) when the pressure has an instan¬ 
taneous growing value of 100 volts. 

Prob. 101-8. In an a-o. oirouit the current lags 26** b ehin d the 
vdtage. The maxiTnum value of the current is 45 amperes. What 
is the instantaneous value of the current when the voltage is pass¬ 
ing through 76®? 

Prob. 102-8. The ourrent in an &-o. circuit leads the voltage 
by 50® and has an instantaneous value of 30 amperes when the 
vdtage is sero. What is the maxiTnum value of the current? 

Prob. 108-3. (a) What is the Tnajrimum vdue of the voltage, 
Prob. 102, if the instantaneous value is 400 volts, when the current 
is at its maidinum? 

(5) What is the average value of the voltage? 

Prob. 104-8. The Tnaxtrmrm vdue of an alternating voltage 
is 1600 volts, the maximum value of the current is 70 amperes. 
H the instantaneous growing positive value of the current is 25 
cunperes, when the instantaneous value of the voltage is 800 volts, 
what is the phase difference between ourrent and vdtage? 



SUMMARY OF CHAPTER m 


THE VOLTAGE ACROSS A SERIES dRCUIT eqii^ the 
sector sum of fhe voltages across the parts. In the form of an 
equation this may be written: 

E =■ El 0 "Rt 0 Es 0 • • • . 

THE CURRENT through a series circuit is the same In all 
parts. 

IN A THREE-WIRE TWO-PHASE SYSTEM, the voltage 
between fhe outside wires equals the vector sum of the voltages 
across fhe phases. Since each phase is at 90** to the other, the 
voltage between the ‘^outside wires” equals (or 141) times 
the voltage across one phase. 

IN AN OPEN-DELTA two phases of a three-phase com¬ 
bination are joined in series, forming between the terminals of 
the series a third phase. The voltage across this resultant 
third phase equals the sum of two equal voltages at 120*’ to each 
other. This vector sum is exactly equal to the voltage across 
any phase. 

REVERSING A COIL OR A PHASE in the connections of 
a transformer or a generator, reverses the direction of the 
vector and causes it to be 180° ahead of or behind its original 
position. 

IN PHASING OUT an a-c. machine, tests of trial connec¬ 
tions with a voltmeter will indicate whe&er or not any coils or 
connections are reversed. 

CLOSED-DELTA CONNECTION. When aU three coils of 
a three-phase generator are connected in series, so that the 
voltage across any two coils equals the voltage across each 
phase, there will be no voltage across the terminals of the 
three in series. It is, therefore, safe to join these terminals, 
and though it makes a closed ring, no current will circulate. 
Since the diagrammatic representation of coils so connected 
resembles the Greek letter A (delta), this method is com¬ 
monly called the DELTA CONNECTION. To distinguish it 
from the OPEN-DBLTA, this is often called a CLOSED-DELTA 
connection. 
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STAR OR Y-CONNECTIOR. When the three phases of 
a three-phase machine are so joined to a common (neutral) 
pointi that between any two line terminals are two phases only 
of the machine and these are in series, the phases are said to 
be star or Y-connected. 

The voltage between line terminals is equal to Vj times the 
voltage across each phase. 

The current in each line wire Is the same as the current in 
eadi con of the armature. 

THE VOLTAGE ACROSS A PARALLEL COMBINATION 
is the same as the voltage across each branch. The current 
throui^ a parallel combination equals the vector sum of the 
currents through the branches. In the form of an equation 
this may be written: 

• • •• 

TWO A-C. GENERATORS with same terminal voltage to 
be run in paralld must be in phase and in step or in synchron-* 
1^ This is owing to the large local circulating currents 
which they would ezdiange, if out of phase, due to the result¬ 
ant voltage caused by {dbase difference of ejn.f.’8 in the circuit 
of the two armatures. _ 

THE CURRENT IN EACH LINE WIRE of a balanced 
3-phaSe A-connected system is the vector sum of the currents 
in two PARALLEL coils and is equal to V3 times the current in 
any colL 

The voltage across any pair of the line wires is the voltage 
across a SBRIBS connection of two of these coils which differ 
120° in phase and eiactly equals the voltage across a sini^e 
coiL 

THERE MAY BE AS GREAT A PHASE DIFFERENCE 
AS 90** between an alternating current and the voltage which 
causes it to flow. A current which reaches its positive maxi¬ 
mum value later than the voltage reaches its positive 
value is said to lag behind the voltage. 
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Draw toM^ sine curves, apporoximate vector diagrams, and 
write the equations for all problems. Wherever it is possible, 
the electrical connections should also be drawn. 

Prob. 106-8. A choke coil and a field rheostat are joined in 
series. The current throu^ the combination is 2 amperes. The 
impedance of the combination is 66 ohms. What is the voltage 
across the combination? 

Prob. 106-8. The voltage across the choke coil in Frob. 105 is 
very nearly 90° ahead of ^e voltage across the field resistance; 
the impedance of the choke coil on this ciiouit is 20 ohms. What 
is the voltage across the choke coil? 

Prob. 107-^. What is the voltage across the field resistance in 
Prob. 100 . 

Prob. 108-8. What is the impedance of the fidd refflstanoe in 
Prob. 106? 

Prob. 109-8. What will be the instantaneous voltage across 
the choke coil in Prob. 106, at the instant when the voltage across 
the field rheostat is 60 volts? 

Prob. 110 - 8 . (a) What is the difierenoe of phase between the 
voltage across the rheostat and the voltage across the combination 
of Prob. 106. 

( 6 ) Between the voltage across the choke odl and the voltage 
across the combmation? 

Prob. 111 - 8 . In a special alternator built for laboratoiy pur¬ 
poses, both terminals of each of 6 coils are brought out separately 
as in Fig. 128. 

leads AJBi by 30^. 

AfPs leads A 4 B 4 by 80°. 

A 4 B 4 leads AnBt by 30°. 

A 9 B 1 leads AiB% by 30°. 

AJB% leads Ai^i by 30°. 

E.mi. of each coil is 100 volts. 

Find voltages across all possible series combinations of AiBi 
and AiBi. 


140 
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Prob. lia~8. Draw rough sine ouryes for each component and 
resulting e.in.f. of Prob. 111. What is the phase difference be¬ 
tween the resultant and Aiffi, fig. 128, in each case? 

Prob. 118-8. find voltages acroea all 
possible series combinationB of AiBi and 
of generator in Prob. 111. State 
phase difference between the resultant 
and AiBi. 

Prob. 114r8. find voltages across 
all possible series combinations of AiBi 
and AtBi of generator in Prob. 111. 
State phase differenoe between resultant 
and AJBi. 

Prob. 116-3. Find resultant ejni. 
across the aeries oombination of AiBi, 
A%B%j and AtPs of generator in Prob. 
Ill, with AtBz leadi^ AJB%, and A%Bi 



Fiq. 128. A fecial Src. gen¬ 
erator with both terminals 
of each of the six ooIIb 
brou^t out as marked. 


leading AiBi. State phase difference between resultant and AiBu 
Prob. 116-8. find resultant of series oombination of the coils of 
Prob. 116, if AiBi is added. AiB 4 leads A|Bi, which leads A%Bt, 
which leads AiBi. State the phase difference between the resultant 
and AiBi. 

Prob. 117-8. What will be the instantaneous value of the re¬ 
sultant e.mi. in Prob. 116 when the instantaneous value of 
the ejni. across AiBi is 60 volts. 


Prob. 116-8. What will be the instantaneous value of the 
resultant ejn.f. in Prob. 116 when the instantaneous value of 
the ejn.f. aoross AtBi is 60 volts? 

Prob. 119-n8. What would be the resultant voltage aoross the 
series oombination of Prob. 116 if coil AJB 2 were reversed? 

Prob. 120-8. What would be the instantaneous value of the 
voltc^ across coil A^Bt of Prob. 119 when the resultant instanta¬ 
neous voltage was 26 vdts? 

Prob. 121-3. If in the series combination of Prob. 115, AsBs is 
reversed, what will be the voltage across the oombination? State 
phase difference between the resultant voltage and the voltage 
across AiBi. 


Prob. 122-8. If in the combination of Prob. 116, both AsPs 
and AiBz were reversed, what would be the resultant voltage across 
the combination and what would be the phase difference between 
it and the voltage across AiPi? 
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Prob. 128-<8. What will be the value of the volta^ in ooil 
AJBi of Prob. 121 when the resultant voltage has an inatantaueous 
value of loo? 

Prob. 12i-S. What will be the instantaneous voltages across 
each part of the series drouit of Prob. 115| when the instantaneous 
value of the resultant voltage is zero? 

Prob. 126-^8. In the series drouit of Prob. 115, the ooil AJBi is 
reversed by aoddent. What voltage will there be across the oom-- 
bination? 

_ i 

Prob. 126-^. What is the volt^ aoross a series oombination 
of two parts, if the voltage aoross the first part is 85 volts and 
aoross the second part is 115 volts? The phase difference between 
the two parts of the drouit is 40°. 

Prob. 127-8. The current in the series drouit of Prob. 126 is 8 
amperes and is in phase with the voltage of the first part. What 
is the phase difference between the current and the voltage aoross 
the combination? 

Prob. 126-8. Assume the e.m.f. aoross each phase of Pig. 62 to 
be 220 volts. If the phases were connected at central point instead 
of ends as in Pig. 67, what would be the voltage between the points 
AA'? 

Prob. 129-8. When the terminals of the S-phase generator 
shown in Pig. 100 are connected, (a) to (aO and to (os), it is star- 
connected and the voltage across e^ pair of terminals is 380 volts. 
Phases are balanced. Show how you would connect the same leads 
to make a closed-delta connection and state what the voltage would 
be across each phase. 

Prob. 180-8. (a) Show diAgmni of connections for two ways 
in which the special generator of Prob. 111-3 can be connected in 
A as a three-phase machine. Use but three coils in each case. 

(6) Compute voltage across terminals of machine so connected. 

Prob. 181-8. Show diagram of connections for two ways in 
which the generator of Prob. 111-3 can be connected in star as a 
three-phase generator, udng but three coils in each case. Com¬ 
pute the voltage across the terminals of the machine so connected. 

Prob. 182-8. (a) Using all six coils of generator in Prob. 111-3, 
show Hiagram of connections for use as a three-phase A-oonnected 
generator. 

(5) Compute voltage across the terminals of the machine so 
connected. 
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Prob. 183-3. The current flowing in each lead wire of genera¬ 
tor in Prob. 132-3 when A-oonneoted is 56 amperes. What current 
flows in each coil of the maohine? 

Prob. 18^-8. What current would flow in each line wire if the gen¬ 
erator of Prob. 133-3 were Y-conneoted? Assume that the same cuiv 
rent flows in each coil whether the generator is A- or Y-oonneoted. 



Fig. 129. The current throu^ the lamps is in phase with the voltage 
aoroea the lamps, but the phases are not balanced. 

Prob. 186-8. If each lainp in !F1g. 129 taJkes a current of 6 
amperes which is in phase with the vdtage across it, what current 
flows in each line wire? The generator gives correct three-phase 
em-l’s. 

Prob. 186-8. In place of the lamps of Group m of Prob. 135, 
conneot a single-phase induction motor taJdng a current of 30 
amperes which la^ 50^ behind the voltage across it. Compute 
the current in each line wire. 

Prob. 187-8. In place of the lamps of Group II of Prob. 135, 
connect a single-phaBe synchronouB motor taking a current of 20 



Fiq. 180. A star-delta starting switch. TrumhuUrVanderpod Co, 

amperes which leads the voltage across it by 35*^. Compute the 
current in each line wire. 

Prob. 188-8. In place of the lamps of Group III in Prob. 135-3, 
conneot induction motor of Prob. 136-3. In place of Group II, 
GQzmeot synchronous motor of Prob. 137. cWpute current in 
each line wire. 
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Prob. 189-8. fig. 130 shows a staiHldta switch, used for oon- 
neotmg the coils of a threo-phase induction motor in Y for starting; 
and then by throwing the switch to put the coils in A for running. 
Draw a Hin^RTn of the connections of this switch showing how this 
may be accomplished. Of course, both ends of each coil of the motor 
must be available. 

Prob. 140-8. (a) Show diagram of connections of generator 
in Prob. 111-8 as a Y-coimec^ three-phase generator using all 
six coils. 

Q>) Compute tenninal voltage across the machine so connected. 


\ 




rj- 





CEtAPTER IV 

POWER AND POWER-PACTOR 

SB, Ciitrent in Phase ^th Voltage. To find the power 
(watts) ddivered by a direct-euirent generator we multiply 
&e terminal pressure (volts) by the current delivered (am¬ 
peres). However, most direct-current generators are sup¬ 
plying power to lighting circuits and machines, which take 
a varying amount of current during the day. When it is 
desired to know the average watts delivered by such a 
machine for a day, one method is to take instantaneous 
voltmeter ami ammeter readings simultaneously at regular 
short intervals of time for the cycle of one day of 24 
hours. By multiplying together these corresponding in¬ 
stantaneous readings of current and pressure, the power in 
watts taken at these instants is computed. By average 
these instantaneous values of the power determined at reg¬ 
ular intervals, the average watts delivered by the generator 
is found. 

In each single mrouit of a system carrying alternating 
current, the power, or the flow of electrical energy per unit 
time, is varying from instant to instant as the pressure and 
current change in value and alternate in direction; but we 
can find the effective power or average rate of energy flow, 
by a manner exactly similar to that employed for the vary¬ 
ing direct current. The power that is flowing between two 
points in a drouit at any Instant can be found by multiplying 
the current at that Instant by the pressure at that instant, 
between these points. This is true whether the current is 
direct or alternating, steady or varying. 

• lfi4 
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In the form of an equation, this may be stated 
p = ie, 

where 

p = power at pven instant, in watts, 
i B current at given instant, in amperes^ 
e = pressure at ^ven instant, in volts. 

For illustration, let us consider first the easier case of a 
direct-current generator of which the changes in power are 
not BO rapid. 

Fig. 131 shows the curves of volts and aniperes delivered 
by such a machine for the cycle of one day of 24 hours. 
These data are from an actual case where the generator was 
used to supply power to a hotel. The corresponding curve 
of power is plotted in the same diagram, the value of each 
point on it being the product of the volts and amperes at 
the same instant, as found from the other two curves. 

Thus the value of the power (p) at the instant 6 o’clock 
P.U. equals the product of the amperes (i) at 6 pja. by the 
volts (e) at 6 p.m. 

From the curve 

i»380, 
s = 220, 
p » 380 X 220 
» 84,000 watts. 

Similarly, the instantaneous value of the power (pi) delivered 
at 10 P.1I. equals the product of the voltage (ci) at 10 pji. 
the current (I'O at 10 pji. 

<1 = 355, 

Ct “ 220 , 

Pi = 355 X 220 
= 78,100 watts. 

The average of all the instantaneous values of the power 
plotted on this power curve at equal short intervals of time 
equals nearly 54,000 watts and represents the average power 
delivered by the generator for a cycle of 1 day of 24 hoius. 



166 ALTERNATING-CURRENT ELECTRICITY 



Ibaii Jtoa 

Yiq, 181. The curve marked “Power’' represents the power taken by 
a hotel from noon to noon. Each point on this curve is a product of 
the corresponding values on the voltage and current curves for the 
same hotd. The average power equals nearly 54 kibwatts. 
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Similarly^ in an altemating-cuirent generator we have a 
machine which delivers a current varying in value, and at a 
varying pressure. The fact that a cycle in this case repeats 
itself many times a second rather than once in 24 hours, 
and that the amperes and volts vary through great ranges 
in this exceedingly short interval of time, does not affect in 
the slightest degree the method of computing the power at 
any instant which we may choose. 

The power which is being delivered at any instant is always 
equal to the pressure at that instant multiplied by the cur¬ 
rent at that instant, that is, 

p = le. 

So if we draw the curve for current and the corresjwnding 
curve for pressure for any length of time, we can find the 
power at any number of instants by merely multiplying 



Fig. 182. The curve marked P is the product of the curves of voltage 
E and of current I, and represents the power delivered by an a]- 
temating current and voltage. 

simultaneous values of current and pressure. Suppose we 
consider first a generator in which the current delivered is 
in phase with the voltage across the terminals, and plot the 
amperes and the volts for the time of one cycle. The 
curve E, Fig. 132, represents the values of the volts for that 
sfpace of tome, and I the values of the amperes. 
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The oorrespondiDg values of the watts would be repre« 
seated by the curve P, on which every point, as for instance, 
(p) equals the product of (e), the value of the volts at that 
instant, times (t) the value of the amperes at the same 
instant. 

The fact that at certain instants the volts and amperes 
are negative nubkes no difference where current and voltage 
are in phase, because the power (volts X amperes) is always 
positive, since the volts and amperes become negative at 
the same instant and the product of two n^ative quantities 
is always positive. 

The average of all these values of the power in Fig. 132 
would be the average power delivered during the cycle, and 
might be represented by the dash line. 

This average power is found to be equal to one-half the 
greatest instantaneous power. This can easily be verified by 
solving Frob. 2-1. Also in Fig. 132, note that the power 
loops above the “ average-power ” line will just fill the spaces 
left below this line. The greatest instantaneous value of the 
power ecpials the product of the maviTwiiTn volts timap the 
nuHrimiiTn amperes. 

where P = average power in watts, 

Jm nuurimum current in amperes, 

Em =■ maximnni pressure in volts. 

Since we measure the pressure and current in effecitive 
values, it is usual to employ these in the formula: 

I 

0.707’ 

E 

0.707’ 

2 ^ 0.707 0.707’ 


Em = 


thati^ 


P-^IE. 
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Thus the average value of the power delivered by a ainglo- 
phase altematmg-ourrent geueratori when the current and 
pressure are in pluLse, equals the product of the effective 
amperes times the effective volts. 

Bzample 1. What power is a smgie-phase a-c. generator deliv¬ 
ering when it TYiftinf-Ama a pressure of 650 volts Anri delivers a cuirent 
of 40 amperes in phase with the voltage? 

P^IE 

-550 X40 

- 22,000 watts. 

— 22 kw. 

Prob. 1-4. Plot the following curves accuratdy on the largest 
sheet of coordinate paper available, and to as large a sc^ as the 
sheet will admit, putting all curves on aAmfl aheeet: 

(а) One cycle of a sine curve of alternating voltage of 110 volts 
effective value. 

(б) One cycle of a sine curve of alternating current of 2 amperes, 
in phase with the voltage. 

(c) The curve representing power which thiH voltage and am¬ 
perage delivers. 

Prob- SHL Find the average value of the power in Prob. 1 by 
means of a planimeter, or by averaging at least 40 values of instan¬ 
taneous power taken ^e curve at equal intervals throughout 
the cycle. Compare this value of the average power with the 
values as computed by both of the equations, P — IE, and P — 
} /wPin. Account for any difference. 

Prob. d-A. A circuit has an alternating current of 2.8 amperes 
flowing throu^ it in phase with the pressure, which is 110 volts. 
How much power is consumed by the circuit? 

Prob. 4-4. What is the mAitimuTn power consumed by the 
circuit in Prob. 3? What is the miTiiTniiTn power consumed by 
this circuit? 

Prob. 6-4. The current taken by a transformer is 14.2 amp. 
The voltage across the terminals is 2300 volts, and is practically in 
phase with the current. What power does the transformer take? 

Prob. 6-4. In testing a single-phase a-o. generator which was 
maintaining a pressure of 2200 volts, it was found by means of a 
wattmeter to delivering 400 kw. If the current was in phase 
with the pressure, how many amperes was the generator d^vering? 
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Prob. 7-4. Wbat LDstaataneous power would the generator of 
Prob. 6 be delivering when the voltage had passed 40^ beyond its 
zero value? 

Prob. ft-4. Supix>3e the flow of water from the pump illus¬ 
trated in Fig. 9 to 12 to vary hannonioally and to have a maximum 
value of 100 gal. per minute, and frequenoy of 60 cycles per min¬ 
ute. Neglecting the inertia reaction of the water, consider that 
the frictional resistance amounts to 100 lbs. per square inch on 
the piston at maximum rate of flow and varies in exact propon- 
tion to the rate of flow, or water current. Draw to suitable scales 
the curves representing current, pressure, and power delivered by 
the piston for one complete cyde. Calculate average power in foot¬ 
pounds per minute, and the equivalent horse power and kilowatts. 
(Delivery of one pound of water against a pressure of one poimd 
per square inch requires the same work as to lift this pound of 
water through a hei^t of 2.31 feet.) 

Prob. 9 - 4 . The velocity of the |nston in Fig. 9 to 11 varies 
harmonicfdly (sine curve l^ween vdodty and time), and has an 
average value of 60 feet per minute. The force exerted on the 
piston is exactly proportional to the velocity at every instant, the 
average force throughout each stioke being 10,000 lbs. The piston 
makes 100 strokes per minute. Draw curves to suitable scales, 
with velocity, force, and power delivered at the piston as ordinates, 
and time (in seconds) as abscissas. Calculate the average power 
(foot-pounds per minute), using one complete cycle. 

36. Power with Current at 90*^ to Voltage. We have 
seen that there may be a phase difference as great as 90° 
between the current deliv^d by on a-c. generator and the 
voltage between the terminals of the machine. 

In determining the average power delivered by the ma¬ 
chine when there is a phase difference between the voltage 
and the current, let us start with the extreme case of a 
phase difference of 90°. We proceed exactly as we did when 
the current and voltage were in phase. The current curve 
and the voltage curve for one cycle are drawn, and the instan¬ 
taneous power is computed for enough points to determine 
the power curve. Kg. 133 shows the current curve 1 lag¬ 
ging 90° behind the voltage curve E, Every point on the 
power curve P has its ordinate equal to the product of 
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corresponding values of the current and voltage; thus the 
value —p equals —i (the value of the current at that ih- 
stant) times +e (the value of the voltage at the same in¬ 
stant). 

Note the fact that there are two power loops, B and D, 
where the x)ower is negative, since all the values of the in¬ 
stantaneous power here are the product of a positive current 
times a negative voltage or vice versa. Now ance the posi¬ 
tive values of power represent the power being ddlvered by 
the generator, the negative values must represent power 
which is being returned to the generator. Therefore, in com¬ 
puting the average power delivered by the generator during 
one cycle, we must subtract these negative loops (or power 
returned) from the positive loops (or power delivered) in 
order to get the real or net xx>wer delivered. 



Fig. 183. The heavy line repreBents the power delivered by an alter¬ 
nating voltage and ourrent when the current lags 90" behind the 
voltage. Note that the negative power loops B and D are exactly 
equal to the positive power loops A and C. 

But in Fig. 133 it will be seen that the negative loops are 
of the same size as the positive loops. Thus, in this case, 
where I and E have 90® phase difference, the circuit gives 
back to the generator during one quarter-cycle all the power 
which it received during the preceding quarter-cycle, and 
the power consumed by the circuit is, therefore, zero. 

If the mathematical expression for instantaneous power (i X a) is 
g^ven a positive sign when electrical energy is flowing out of the 
dynamo into the external circuit joining its terminals, then a nega¬ 
tive eign before the expression for power f—i X e) would mean that 
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the flow of energy at that instant is in the opposite direotion, oi 
out of the external oircuit into the dynamo. Hence, if +ie indicates 
generator action of the dynamo, then ^le indicates motor action. 
In general, any “manliiTifl (either mechanical or electrical) which is 
producing a force, is giving out positive power when the movement 
is in the same direction as this force, and it is giving out negative 
power, or .is talring in power, when the movement is in a direction 
opposite to this foroe. Whether a given portion of circuit (carry¬ 
ing either direct current or alternating current) receives power or 
divers power depends not alone upon the dn^tion of current in 
that portion nor ^one upon the directian of e.mi. across that po> 
tion, but upon the relatian between these directions; the numerioal 
value of the power in either case will be at every instant equal 
to the product of the instantaneous values of volts and amperes 
for that portion of the circuit. 


In the diagram of the pump, Fig. 124, where the pressure 
is alvTays 90^ out of phase with the current, it can be seen 
that in total no power is delivered by the pump. The 

water forced up in either stand¬ 
pipe merely uses the pressure 
thus produced to help force the 
piston back again, thus returning 
to the pump all the energy given 
out by it. 

Accordingly, it is reasonable 
to expect, as the above curves 
prove, that in the case of an elec¬ 
tric current 90° out of phase with 
the voltage, all the energy is being 
Fig. 134. A wattmeter for returned by the circuit as fast as 
meaBuring power in an elec- it is received. A wattmeter such 
trio oirouit. In this owibo ^ pj I 34 ^ 

power consumed by the coil .. , .,, , 

»is being measured. cmt shows the same result, by 

reading zero. The voltage across 
the coil X sends a slight current in phase with itself through the 
movable coil Y of the wattmeter. All the current through 
the coil X goes through the stationary field coils C-C of the 
wattmeter. Now, if the voltage is 90° out of phase with the 
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current, the current through the coil V must be 90^ out of 
phase with the current through the field coils C-C. So when 
the current in the movable coil 7 is at its there 

is no current in the field coils, thus no moving force; and 
when the current in the field coils C-C is at its Tna.iriTnnm 
there is no current in the movable coil Y, and again there is 
no moviog force. In the interval (equal to one quarter period) 
between these two instants there is a alight moving force one 
way; but during the next quarter period of a second 
on a 60-cycle circuit), there is an equal force in the opposite 
direction as the power is being returned in the opposite direc¬ 
tion through the circuit. These time intervals, and pulses 
of power, are of such short duration that the needle cannot 
have time to be deflected, and thus reads zero. If a watt¬ 
meter could be used which could deflect fast enough in each 
direction, it would deflect alternately and equally in both 
directions, showing that as much power was being returned 
to the generator as was being sent out by it. 

The average power consumed in a drcoit where the voltage 
is at 90 ° to the current is, therefore, always zero. 

Prob. ICM. Following directions in Prob. 1, construct the sine 
curves for an alternating current of two amperes lagging 90*’ be¬ 
hind an alternating voltage of 110 volts. Draw power curve on 
same sheet for this case. 

Prob. 11-4. Find the average value of both the positive and 
negative power, as directed in Prob. 2. Show that no power is 
being delivered if a generator is delivering this current at this 
voltage with a phase difference of 90** between them. 

Prob. 12-4. In Fig. 46 and 47, the stroke, or distance traveled 
by each piston between opposite dead-centers, is 1 foot; the area 
of piston A is one sq. ft. and of piston B, two sq. ft. The 
TnniriTTmiTn head h produced as in Fig. 47 is 10 feet. The crank 
makes 30 revolutions per minute. Using time in seconds as ab¬ 
scissa, draw curves with pressure (A, in feet) and rate of flow 
(pounds of water per second out of one standpipe into the other) as 
ordinates. For instants second apart throughout one cycle cal¬ 
culate, from current and pressure curves or equations representing 
them, the horse power d^vered by or to each piston, and draw 
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the curve of power, representmg it as poeitivB from piston to water 
and negative from water to piston. Ne^ect all frictional resist¬ 
ances and inertia reaction, and assume that the only force over¬ 
come by the idstons is that due to the “head” in the standpipes. 
E]q>hun fully the meaning of these power curves, and calculate 
average horse power of ea(± cylind^. 

37. Power-factor. Let us now mvestigate the case 
when the current and voltage differ by any angle leas than 
90“. We cah proceed exactly as we did when they were in 
phase or 90“ out of phase. lig. 135 shows the current curve 



power delivered equals the difierenoe between the poeitive power 
loops A and Q and the negative power loopa B and D. 

I lagging 6 degrees behind the voltage curve E. Every 
point on the power curve P is found by multiplying together 
the corresponding values on the current and voltage curves. 
Thus, the value (p) at any chosen instant is the product of 
the values of (e) and (i) at that instant. Note that here 
again there are two power loops, B and D, which are negative, 
though here they are smaller than the two positive loops 
A and C. The average power delivered by the generator 
will, therefore, be positive, but less than that represented by 
the two positive loops, since we must subtract from it the 
amount represented by the negative loops. 

This average value, represented by the dash line, must 
thus be less than the average value of the positive loop^ 
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and no longer equ^ to the product of the effective volts by 
the effective amperes. 

The numerical value of this average power may be arrived 
at as follows: 

When the current and voltage are in phase, the average 
power equals the effective current times the effective pressure. 

When they are out of phase, 
the current may be thought 
of as made up of two compo¬ 
nents, one in phase with the 
voltage and one at 90° to the 
voltage. 

Of course, there can never nieouirentthroui^the 

■nnrntlinn n.i n n.ll-rnTlt fl n w ammeter IB tlW TOrtOT BUm Of 

be more than one current flow- ourroiitB through Ai and At. 
ing through one part of a dr- 

ouit at a time, but we have seen how one current may be 
the resultant of two or more currents in various phase rela¬ 
tions to one another. For instance, 
there is one current only through the 
ammeter A in lig. 136, but it is made 
up of the currents through ammeters 
Ai and rii. If Ai reads 40 amp. and 
At reads 60 amp. and the phase dif¬ 
ference between them is 90°, then by 
the vector diagram. Fig. 137, we see 
that the current A then can be found 
as follows: 

A Ai ® ri.3, 

A*’^ At*+ A^, 

A = VAi* + Af. 

= V1600 + 3600 

= VEm 

<= 72.1 amp. 

Thus a current of 72.1 amp. flows through A. This current 
is really the resultant of the two currents At and A% which 
have a phase difference of 90°. 



reprsBeatB the ouirent 
through the ammeter 
A. It is made up of 
the sum of vectors Ai 
and A%t 
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Acooidm^y, if we con compute the lesultant of two con 
reats 90° out of phase with each other, we surely can compute 
these two components when given the resultant and the 
phase difference; or we may consider any current as the 
resultant of two components and compute what these com¬ 
ponents would be. 

Therefore, in conmdering the current I in Fig. 136 as made 
up of two components one in phase with the voltage E and 
one at 90° to it, we construct Fig. 138, drawing the vector I 
to r^resent the current at an angle of ff’ behind the voltage 
vector 



Sto. 188. The 'TOotor Is repreaeats timt oompcmant of the ourrant I 
wliM is in phase with the Toltage E. The component Iz lags 90” 
bdiind the component Is- The veotar I is the leaultant of the two 
componentB Is and Iz- 

Then, by drawing a perpendicular from the end of I up to 
the horizontal axis, we cut off Is, which will represent that 
component of I which is in phase with E. By drawing an¬ 
other perpendicular over to the vertical axis, we cut off Iz, 
which represents that component of I which is 90° behind 
the voltage E. Thus Is and Iz represent two alternating 
currents at 90° to each other, which if combined would re¬ 
sult in one current I lagging 0° behind the voltage E. 

By inspecting the figure it can be seen that 

Ja = / cos 0 
and 

= I on 9. 
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Thus, if 

I a 100 amperes and 9 » 20°, 


Za <= 100cos20° 


= 94 amp. 

and 



Zi = 100ain20° 


» 34.2 mnp. 


Thus a curreat of 100 amperes oould be thought of as 
beiug composed of two currents at 90° to each other, one of 
94 amperes and the other of 34.2 amperes. 

Similarly, in this case of a current I lagging 9° behind a 
voltage E, we may think of the current as made up of two 
currents, one equal to Z cos 9, in phase with the voltage E, 
and the other I sin 9 at 00° to the voltage E. 

But we have seen that when a current and voltage are at 
90° to each other, the power delivered is zero. Thus, the 
power delivered by the component current I sin 9 which is 
at 90° to the voltage is zero. Accordingly, all the power 
which the current I delivers must come from its component 
I cos 9 which is in phase with the voltage. The average 
power, then, equals the product of the effective volts (E) 
times that current component (I cos 9) which is in phase 
with the voltage. 

In the form of an equation this law appears; 

P = El COB 9, 

where 

P = averago or effective power, in watts, 

E => effective pressure in volts, 

I = effective current in amperes, 

9 = an^e (electrical degrees) representing phase 
difference between E and I. 

Sometunes it is preferable or more convenient to resolve the 
voltage E into two oomponenls, Er in phase with 7, and E, 90° out 
of phase with 7, as in Eig. 138a. This makes no real difference in 
the result, because 

Er-^ E COB 0, 

E, = jg ang, 

E = y/E* + E^f 
P xEt’^EI oob9. 
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In eithfir ease, the product Elr or lEr represents power whieh 
flows in only one direction, as for instance, out from the generator 
to the line end receivers, never to return. It is the effective power, 
which one always understands to be meant when the terms power 
and watts are applied to the drouit without qualifloation. The 
product El 9 or IE a represents power which flows in both directions 
— from the generator out to the line, and from the line back to the 



Fig. 138a. The vector E may be resolved into the two components, 
Be in ph™ with the current J, and Ejc at 00" to the current. 

generator in exactly equal amount. This power la just as re^ as 
that which we have called ‘‘ effective power ” (which the wattmeter 
indicates), and it produces very important effects in the circuit. 
However, as this power merdy shutties back and forth between the 
generator and the reoeiv^ circuit, without being transformed into 
heat or useful work, it is called reactive power, or reactive volt- 
amperes. Obvioudy, reactive volt-amperes can only be found in 
(dicuits which possess an ability to store up energy, receiving it 
during part of each hatf-cyde and delivering some of this energy 
back to the generator during the remainder of each half-oyde. Qr- 
GuitB which possess ability to store energy and ddiver power back 
to the generator periodically are called "inductive” circuits; the 
energy is stored in the eleotromagiietic and the deotrostatio "Adds” 
induced in the space around the wires when current flows and 
potential difference exists. These actions will be explomed more 
fully in later chapters. Non-inductive drouits are those in which 
no energy can be stored in this way. 
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Example 2 . What power is being deliyered by a Brngie-phase 
a-o. generator which maintains a pressure of 220 volts and de¬ 
livers a ouirent of 50 amp. with a phase difference of 25^ between 
the pressure and the current? 

P — cos a 
= 220 X50 Xoos26® 

- 220 X 60 X 0.906 
= 9966 watts. 

= 9.97 kw. 

Example 8 . In the above example, what power would be de¬ 
livered if the current and voltage were in phase (that is, differed in 
phase by 0 **)? 

P = PZcosa 
-220 X 60 XoosO® 

= 220 X 60 X1 
— 11,000 watts 
= 11 kw. 

Example 4. What power would be ddivered in the above ex¬ 
ample if the current and voltage differed in phase by 90^? 

P — jS^Z cos a 
-220 x 50 xoos90“ 

= 220 X 60 XO 
= 0 watts. 

Prob. 18-4. According to directions in Prob. 1, plot curves for 
current, voltage, and power, when an alternating pressure of 110 
vdts (Mvers a ounent of 2 amperes which lags 2Xf behind the 
pressure. 

Prob. 14r^ By methods of Prob. 2, find the average value of 
the power delivered in Prob. 13. Compare this with tte value as 
computed from the equation P = PZ cos a. 

Prob. 16-4. In the system of pumps specified in Problem 12-4, 
consider that the force applied by the piston to the water must 
overcome frictionaL resistances as well as the pressure head (A) in 
the storage tanks. The friction reaction, in pounds per square 
inch at the piston, is proportional to the rate of fiow and has a 
value of 1 lb. per square inch when the rate of fiow is one cubic 
foot of water per second. For simplicity, consider a ainglft pump 
having a capacity equal to the sum of the two shown, and draw to 
suitable scale the following curves, using time (seconds) as abscissa 
for all: (a) current, or rate of fiow, pounds of water per second; ( 6 ) 
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head K On feet) due to storage of hydraulic energy, or difference of 
levd in tanks; (c) head hj corresponding to the friction reaction at 
the piston (2.31 feet head » 1 lb. per square inch); (d) total head 
ht against which the piston operates; (c) power (foot-pounds per 
second) represented by current and pressure due to receiving tanka; 
(/) power represented by current and back-pressure due to friction; 
(g) total power between liquid and piston. Discuss these carves 
and their antilogies to those of the electric circuit, indicating the 
oonespondenGes to the quantities 7, Ir, 7., E, Er, E^, Elf, Elg, 
lEn lE^ Elf i^7 cos 9 in the foregoing discussiona. 

From the above examples and problems it can be seen that 
the equation P = El cos 0 is a general equation for the 
average power in an altemating-cuiTent circuit, regardless 
of the phase difference between the voltage and the current. 

It is customary to refer to the product of the effective volts 
by the ^eotive amperes, by the name of Apparent Power, 
and to measure it in volt-amperes. The term '' cos 0is 
then called the Powei^factor. Thus, when we want to com¬ 
pute the power we find the apparent power {E times 7), and 
multiply it by the power-factor (cos 0). When the pressure 
and the current are in phase, the term (cos d) has a numerical 
value unity (1), and the circuit is said to have unity power- 
factor. 

When they differ by about 25°, the term (cos B) becomes 
0.90 and the drouit is said to have a power-factor of 90%. 

The power-factor, then, really indicates what fraction the 
average power is of the apparent watts, or volt-amperes, 
(El). So it is often defined by the equation 

_ , ^ effective power watts 

Powe]>factor “---- — - -- 

apparent power volt-amperes 

Since a wattmeter always reads the effective power, we have 
only to attach a wattmeter, an ammeter, and a voltmeter to 
a drcmt to find the power-factor, and from it the phase 
difference between the current and the pressure. The prod¬ 
uct of the volts by the amperes gives the apparent power, by 
which the wattmeter reading is divided to give the power-factor. 
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The power-factor has already been shown in a sin^e-phafie 
drcuit to be always equal to the cosihe of the angle of phase 
difference between the pressure and the current in the cir¬ 
cuit. 

Example 0. The ammeter shows that a certain generator is de¬ 
livering 20 amperes. The voltmeter reads 230 volts. A watt¬ 
meter shows that 4 kw. are being delivered. 

(a) What is the power-factor of the load? 

What is the phase difference between the cuiient and the 
volt^? 

Effective power » 4000 watts, 

Apparent power => El 

“ 230 X ^ - 4600 volt-amperes, 

« . ^ effective power 

Power-factor ■■- - - 

apparent power 

4000 

"4600 

- 87%. 

But power-factor = cosS, 

therefore, 0.87 — oostf, 

$ as 30® approx. 

Prob. 16--1. A single-phase induction motor takes a current of 
24 amperes which la^ 30® behind the impressed voltage of 220 
volts. What is the power-factor of the motor at this load and how 
much power does it take? 

Prob. 17-4. A single-phase synchronous motor is taking a 
current of 30 amp. which leads the impressed voltage of 220 volts 
by 20®. What is the power-factor of this motor un^ these con¬ 
ditions and what power does it take? 

Prob. 18-4. If the two motors of Prob. 16 and Prob. 17 are put 
in paralld on the same circuit: 

(a) What current will flow in the line? 

What will be the power-factor of the generator? 

(c) How much power will the generator be delivering, assuming 
these two motors are alone on a short line? Use two methods to 
check. 
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Prob. 10-^. 139 is from the Prooeedings A.I.E.E. and 

gives the oscdllograms of the ouirent and voltage ourves of one 
phase of a 3-phase 600-kv-a. 2300-volt a-o. generator. Assume 
that the current has a value of 200 amperes and the voltage, 2300 
volts. Note that the two curves do not have the same zero line. 
Draw to the same absciesas the power curve, measuring the in-. 
stantaneouB values of the volts and amperes from the middle of 
the thick lines. 


Eio. 130. The current and e.m.f. curves of one phase of a 3-pha6e 
generator, taken by an oscillograph. Note that the zero lines of 
the two ourves do not coincide. Ptoc. AJEE* 

Prob, 2<H4. Erom the area of the positive and negative loops 
of the power curve of Prob. 19, compute the average effective power 
which the generator is delivering to the line. 

Prob. 21-^. During a working day of 24 hours, the ammeter and 
voltmeter connected in curcuit with a small sin^e-phase motor 
driving a drunage pump, indicate steadily 10 amperes and 230 
volts respectively. The watt-hour meter reading increases by 44.2 
kilowatt-hours during this time. Calculate the power-factor at 
which the motor operates. Assuming an 80 per cent efficiency for 
the motor and 60 per cent for the pump, calculate the horse power 
ou^ut of the motor, and the total number of gallons of water 
rai^ 20 feet from an excavation. 

Prob. 22-4. If under the oonditiona of Problem 21-4, one-half 
of the total losses in the motor are constant and the other half are 
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copper loBsea, which vary ae the square of the current, calculate: 
(a) How many amperes^ the motor would take at the same voltage 
to deliver the same horse power, if constructed or adjusted to opeiv 
ate at a powe>faotor of 00 per cent. (6) How many kilowatt- 
hours wodd be used per day under this condition, (e) What the 
monthly saving would be with energy cosldng four cents per kilo¬ 
watt-hour delivered at the motor. 

38. Reactive Cuixent, Reactive Pressure, Reactive 
Volt-amperes. Since no power is taken from the generator 
when it delivers a current which differs in phase with the 
voltage by 90°, such a current is said to be reactive. It is 
also sometimes called watUeas, although this term is not 
approved. It has been seen that any alternating current at 
all out of phase with the voltage may be resolved into two 
component currents. That component part which is out of 
phase with the voltage by 90° is accordin^y called the re¬ 
active component, and the part which is in phase with the 
voltage is called the power component 
Consider, for instance. Example 6, in which a current of 
20 amperes is flowing, 30° out of phase with the voltage. 
The component in phase with the voltage or the power-com¬ 
ponent of the current 

= 20 cos 30° 

= 20 X 0.866 
= 17.3 amperes. 

The wattless component, or the one at 90° to the voltage 

= 20 X sin 30° 

= 20 X 0.500 
=> 10 amperes. 

Thus, the current of 20 amperes can be regarded as being 
made up of a reactive component of 10 amperes at 90° to 
the voltage, and a power component of 17.3 amperes in phase 
with the voltage. 

Prob. 2S-4. How large are the reactive and the power com¬ 
ponents of the current in the motor of Prob. 167 
Prob. 21-4. How large are the reactive and power components 
of the motor current in Prob. 177 
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Piob. 35^ Compiite theieaotive oamponent of the line ourrent 
in Ptob. 18 and compaxe it mth the reactive components of Frob. 
16 and 17. Tg»pTain reason for change. 

As mentioned before, sometimea it is easier to conceive 
only one currant in the circuit, this current being driven by 
two alternating e.mi.*B added to each other, the total or 
resultant of these two imaginary e.m.f.’s being the actual 
voltage across the circuit which the voltmeter measures. 
Thus, in Example 6, we could say: 

Jn-^base component or power component of line voltage 

= 230 COB 30“ 

= 199.2 volts. 

Quadrature component or reactive component of line voltage 

= 230 Bin 30“ 

= 115 volts. 

In finding the total size or capacity of generators, trans¬ 
formers or distributing lines necessary to supply a number of 
diverse loads coimeoted together, it is usually convenient to 
apply a similar analysis to the power in the circuit. Thus, 
we conceive the total apparent power, or (effective volts X 
effective amperes), to be made up of two components: 

Working volt-amperes, or effective power, or true watts 

= total volt-amperes X power-factor. 

P„ = El COB 0. 

Reactive volt-amperes, or circulating power 

= total apparent power X tin 9. 

Po = £7 tin d. 

It is apparent that: 

Total El = V'PT+T? 

Sinoe this may be expressed in the form: 

El = V (^EI cos fl)* -|- {El sin 6)* 

• = VCBJ)* (cos*e-l-Bin*6), 

El = El V’oob* 6 -f ain*6 = El VI = El. 
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That is, the total apparent power El in any cirouiti or 
part of a cirouit, may be resolved into two components at 
light angles to each other; one of these is the effective power 
or watts {El cos fl), which is used to deliver energy out of 
the electrical system (produce torque in motors or heat in 
conductars), and the other {El sin 6) merely oscillates from 
one form of energy to another within the system (as magnetic 
or electric fields, mechanical momentum, etc.)i without loss. 

The advantage of this analysis of the “apparent watts 
will be evident from an example: 


Example 6 . What size generator,* in kv-a. (IdlovoltnampereB), 
is requir^ to supply a system comprisuig induction motors taJdng 
64 kilowatts at 80 per cent power-factor, inoandesoent lamps taJdng 
40 kilowatts at 100 -per cent power-factor, and idle transformers 
fjiTring 5 kv-a. at 40 per cent power-factor. For simplicity, assume 
these vidues to include the power used to overcome losses and re¬ 
actions in the oorre^nding distributing wires. 

In solving this problem we may work with amperes as hereto¬ 
fore, or we may work directly with x)ower, which we shall find to be 
simfler. The loads are probably connected in parallri; we may, 
therefore, choose a voltage, calculate, the amperes supplied to each 
of the lo^ (from total kv-a. and volts, or f^m kw., power-factor 
and volts), add these currents together vectorially to find the 
total current to be delivered by the generator, and multiply this 
resultant current by the voltage to get total volt-amperes output 
of the generator. It makes no difference to the final answer what 
voltage we choose, because we first divide and then multiply by it. 
Thus, AfiffliTning 1000 volts pressure: 

Current to induction motor load 


total voltamperes 


volts 

(64,000 -T- 0.80) voltnamperes 
1000 volts 


watts -f- power-factor 
volts 


>80 


Current to incandescent lamp load 

(40,000 + 1.00) voltnamperes 
1000 volts 


40 amperes. 


* See Second Course, Chap. 1, on rating of generators. 
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Curreiit to idle transfanners 

5000 vpltnamperes 
” 1000 volts 


' 5 amperes. 


We ndght plot these veotois in a diagram all to the same soale 
and combine them grapbioally, as shown in fig. 130a, finally arriv- 
ing at a resultant OR amperes which, multiplied by the chosen 



Yiq, 130a. A vector diagram in which It represents the transformer 
current; Jm, the motor current; Zj, the lamp current, and OJR, the 
resultant of the three ourrenta. 


voltage OE («=■ 1000 volts), would give us the generator output in 
volt-amperes. It would be much more accurate to calculate the 
value of Oi2 by trigonometry, as followB; 


Power component of Z* = Z* cos - 80 X 0.8 ■» 64 a mp. 
Beaotive component of Z» =* Z»isin0« -» 80 Vl.O* — 0.8^ 

= 80 X 0.6 «= 48 amperes. 


or _ 

Reactive component of Im » V - (pow er component !«)■ 
« VSO* — 64? = 4S amps. 

Power component of Zj = Zicos^j=-40x 1.00 - 40 amp. 
Reactive component of Ii I| sin 40 X 0.0 — 0 amp. 
Power component of Zt “ Z* cos - 6 X 0.4 => 2 amp. 
Reactive component of sin^t -> Vs* — 2* 

= V^oi 4.6 amp. 

Power component of OR — 64 + 40 + 2 = 106 amperes. 
Reactive component of OR = 48 + 0 + 4.6 =° 62.6 amperes. 
KnaHy, 

OB «- V(power comp, of OR)* + (wattless comp, of OR)* 

- V(106)* + (6a6)* - liaa amperes. 
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and Toted ''apparent power” oulput of generator 
» 118^ ampe. X 1000 volts 
“ 118,300 volt-amperes 
= 118 ^ kvna. 

This method is based on the fact that all power components, 
being in phase with one another, can be added together aljpbraio- 
ally, and all reactive components, being also in phase with one 
another, can also be added together al^braically. The addition 
of components must be algebraic, with due regard to sign or direo*^ 
tion, because some of the connected units may be supplying power 
to the system as generators at the same time that other units 
are taking power from the system. Likewise, some loads take lag¬ 
ging reactive components while others take leading reactive compo¬ 
nents of directly opposite phase. Moreover, the total amperes, or 
volt-ami)eres, is equal to the square root ol the sum of squared 
power component and squared reactive component, since the total 
is the vector sum and the vectors representing these components 
are at right an^es to each other. 

In this example we would have: 

Power component of motor load in kw. 


Total kv-a. to motor load 
Beactive kv-a. to motor load 


» 64 (given) 

> total kv-a. X power-factor, 
kw. 64 , 

S-- -ea — as 80 kV-O. 

po ^-factor 0.8 _ 

» V(total kv-a.)* — (kw.)* 

= — 64* » 48 kv-a. (lagging). 


Power component of lighting load in kw. » 40 (given) 
- total kv-a. X100 per cent. 


Total kv-a. to lamps 


40 kw. 
100 % 


40kvna. 


Reactive kv-a. to lamps = V 40 * — 40* = 0 kv-a. 


Power component of idle transformers in kw. 

« total kv-a. X power-factor 
e 6 X 0.4 = 2 kw. 

Total kv-a. to idle transformers = 5 (given). 

Reactive kv-a. to idle transf ormers 

— VG^ — 2* = V 2 I = 4.8 kv-a. (lagging). 
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Total effective pofwer output of generator 

— 64 kw. + 40 kw. + 2 kw. * 106 kw. 

Total reactive power oulput of generator 

« 48 kv-^a. + 0.0 kv-a. + 4,6 kv-a. = 52,6 kv-a. 

Total apparent output of generator 

Vftort^ kw^)* + (total reactive kv-*.)* 

« Va06)* + (62.6)* * 118,3 kv-a. 

Power-factor of total oulput 

apparent power 118,3 kv-a. 

It is evident that this method is much more direct when dealing 
with queetions of aiae or power capacity of lines or apparatus, when 
the pressure or current are not under consideration. In such 
cases, the vectors in Fig, 139a all represent vcltnamperes or kv-a. 
The length of e^h vector represents the total kv-a. or apparent 
power taken by" one of the loads. The an^e between the vector 
and the reference axis OE (which is the axis of kilowatts) is the 
an^ whose coohe is the power-factor of that load. The projeo- 
tion of the vector on the OE axis is the effective power taken by 
that load. The projeotion of the vector upon an axis perpendicular 
to OE represents the reactive kv-a. taken by that load. Once this 
s ysLein of representation is thoroughly in mind, it is unnecessary 
to draw the diagram; the oaloulationB can be made directly as shown 
just above. Remember, however, that whenever a load takes a 
leading current, its vector lies above the OE axis in Fig. 139 a 
and its reactive kv-a. must be colled negative and subtracted 
from the reactive kv-a, of the lagging loads. 

Prob. 26-^ The machines in a certain shop ore arranged in 
three groups, driven by line shafts connected to three similar 50- 
h.p. alternating-current motors. One of these operates at half 
load, with an efficiency of 86 per cent and power-fa^r 75 per cent. 
The second operates at f load, efficiency 88 per cent and power- 
factor 83 per cent. The third operates at full load, with efficiency 
of 89 per cent and power-factor 88 per cent. Calculate the kw., 
reactive kv-a., and total kv-a. supplied to each motor, and to the 
entire shop. Calculate also the power-factor of the feeder supply¬ 
ing this shop. 

Prob. 27 - 4 . If the half-load induction motor of Prob. 26 were 
replaced by a Byxxohronous motor, which delivera the same power 
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at the same ^denoy, but is adjusted to take enough reactive 
leading kv-a. to oomponsate or neutr^e the total reactive lagging 
kv^a. taken by the other two motorsi oiJoulate: (a) The reactive 
kvna. which must be taken by the ^chronous motor; (p) the 
kw. that must be taken by this motor; (c) the required size ci the 
synchronous motor, in kv-a.; (d) the power-factor at which this 
motor must operate; (e) the jxmeivfaotor of the feeder under these 
conditions. 

39. Measurement of A-C. Power. Single-Phase. We 
have seen that the product of amperes by volts gives the 
apparent power in an aro. circuit, which is equal to the true 
power only when the poweivfactor is unity. 

The true power in a single-phaae alteihatmg-cuirent ciiv 
ouit is measured by means of a wattmeter attached to the 
circuit in exactly the same way as to a direct-current circuit. 



Fiq. 140. Qroups of lamps attached to a 3-phase system. The power 
delivered equals the sum of the power consumed by the three groups 
of lamps. 

40. Measurement of Polyphase Power. Balanced 
Three-phase. In measuring the power delivered by a 
three-phase generator or tfik:en by any three-phase appliance, 
whether A- or Y-coimected, it is merely necessary to measure 
the power in each coil of the appliance and add the three 
measurements. The total power must necessarily be the 
sum of the x) 0 W 6 r in the three phases. Thus, the total power 
delivered by the three-phase line in Fig. 140 to the lamps 
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must be the sum. of the power in Groups 1, 2, and 3. If 
each lamp is a 100-watt lamp, then: 

Phase 1 oonsumes 2 X 100 = 200 watts. 

Phase 2 “ 3 X 100 = 300 “ 

Phase 3 “ 4X100 = 400 " 

Total power consumed by lamps = 900 watts. 


Of course, if the phases are balanced and the power is 
known to be the same in each of the three windings or load 
drouits, it is only necessary to measure the power in one 
phase and multiply by three. 

However, in most machines which operate on a three- 
phase system, it is difficult to get at the coils which com¬ 
pose each phase in order to insert 
a wattmeter in circuit with them. 
For instance, in Fig. 141, xy, yt, 
fKa represent the phases in Ihe wind¬ 
ing of a delta-connected motor. 
But the connections are noade on 
the inside of the frame of the 
motor and the leads A, B, and C 
only are brought out. It might 
appear that we could measure the 
power by inserting the current coil 
of the wattmeter in the lead A, 

motor are pitting the voltmeter coil across 
joined within the name and i.v i j .i d j xi. 
three leads 4, B and C only ^ ’*^®’**“ 

are brought out. meter reading as the power in 

, the coil xy; then doing the same 

for the other two leads, adding the three readings thus ob¬ 
tained. But this inference would not be correct. To be 
sure, the voltage used by the wattmeter in the first measure¬ 
ment is the voltage across the coil xy, but the current talcen 
by the series coil of the wattmeter would not be the current 
which flows in the coil xy, because the current in the lead A 
is the vector sum of the currents in both the coils xy and zx. 



Via, 141. The oaila of this 





POJVBB AND POWSB^ACTOR 181 

The same difiELculty would be encountered in sending the cur¬ 
rent of either of the other leads through the wattmeter. In 
no case would this current be the current throuj^ a single 
coil of the machine. 

But if the phases are exactly balanced, we knorr that the 
current in any lead equals Vs times the current in any coil 
of the machine. So if we take the wattmeter reading as 
first suggested, with the current cdl in the lead A and the 
voltmeter coil across AB, we would know that the cunent 
factor of the power reading was Vs times the current in the 
phase xy, therefore, the power indicated should be Vs times 
what it should be for coil xy alone. However, the current In 
the lead A Is not only times as large as the current In 
the phase xy, but is also out of phase with It In Fig. 142, the 
vector I^i resultant of and I„ represents the current in 
the lead A and is seen to be Vs times the current in sp but 
30 ° out of phase with it 

When the current and the pressure vary according to the 
sine law, the wattmeter indicates the value of El cos 6, where 
E Bs effective volts, across the pressure coil of the wattmeter, 
I => effective amperes through the current coil, and B a elec¬ 
trical degrees of phase difference between the current and the 
pressure. If J is the only current and all the current flow¬ 
ing in that part of the circuit across which the pressure E 
exists, then the wattmeter indicates the true average power 
in watts delivered to or by that part of the circuit. Thus if 
a wattmeter is inserted with the current coil in the lead A 
and with the pressure coil across the phase xy, the wattmeter 
will read the product of the effective amperes in the lead A 
times the effective volts across the phase xy, times the co¬ 
sine of the angle representing phase difference between the 
cturent in the lead A and the voltage across the phase xy. 
But the power consumed by the coil xy does not depend upon 
the phase angle between the current in the line and the volt¬ 
age across rp, but it does depend upon the phase angle be¬ 
tween the current in xy and the voltage across xy. Since we 
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have easumed Uie motor to have unity power-factor, the 
current is in phase with the voltage and this phase an^e is 
0 °. Therefore, the product of the current through xy times 
the voltage across xy equals the power in xy. 

But we have already seen that the wattmeter placed in 
the line indicating the power, multiplies the product of am¬ 
peres times the volts by cos 6. Now, the volts across the 

line AB are in phase with 
the current in xy, but are 
30° out of phase with the 
line current as is seen in 
Fig. 142. Therefore, the 
line volts must be out of 
phase with the line cur¬ 
rent by 30°. Thus this 
cos 0 by which the watt¬ 
meter automatically 
multiplies the volt-am¬ 
peres must be cos 30°. 
The reading of the watt- 

142.. The vector Ij. is theresultaot meter placed in the line, 
of tile ourreats Img and In and ia then, is wrong in two re- 
to X bot ia. 30“ out of measuring the 

power m the coil xy. 

Pirst: The current flowing through it is times the 
current in the phase xy, so we must divide the reading 
by Vs. 

Second: The power-factor of the power so indicated is 
cos 30®, while the power-factor of the power in xy is 1. 
So we must also divide the reading by cos 30®. 

Accordingly, if we divide the wattmeter reading by both 
V3 and cos 30®, or by (Vs X cos 30®), we will obtain the 
power in the coil xy. Since we assumed the phases to be 
balanced, we can now multiply this result by 3 and obtain 
Ithe power taken by the whole machine. But dividing by 
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(V3 X cos 30°) and then multiplying by 3 is the same as 
multiplying by 

3 3 « 

Vs X COB 30°' 1.73X 0.866’^^^- 

If the motor were Y-connected and the wattmeter were 
used as above^ the sam^ reasoning would apply> and the 
reading would have to be multiplied by 2 as in the A-connec- 
tion. In the case of a Y-connection, the current through 
the wattmeter is the current through one of the coils of the 
machine, but the voltage across the wattmeter is the result¬ 
ant voltage across two coils of the machine in series, and is 
equal to Vd times the voltage across one of the coils. This 
voltage is also 30° out of phase with the current through the 
coil, which m^es the power-factor of the power as measured 
by the wattmeter cos 30° instead of unity. 

Therefore, the role for finding the power delivered by a bal* 
anced three-phase generator, or taken by a balanced three- 
phase load of unity power-factor, whether connected A or 7, 
is to insert the current coil in one lead and attach the pressure 
coil between from this lead to one of the others and mult^dy the 
reading obtained by 2 . 

Example 7. What power is consumed by the 3-phsse motor of 
Fig. 141 when running at unity poweivfaotor if the phases are bal¬ 
anced, and a wattmeter indicates 13.2 kw. when the current ooU is 
in lead B and the voltage coil between B and C. 

Power = 2 X wattmeter reading 
- 2 X 13.2 
■■ 26.4 kw. 

It will be seen from an inj^eotion of Fig. 143 that in the 
case of a balanced three-wire direct-current system, the read¬ 
ing of a wattmeter so placed must be multiplied by 2 in order 
to obtain all the power delivered by the generator or received 
by the appliances attached to it. Since in a balanced three- 
wire direct-current system the third we carries no current, 
the current coil of the wattmeter must be placed in either of 
the outside wires. But in a 3-phase system just described the 
current is the same in each wire, because of the phase-differ- 
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eace betiween the curreats; thus the ourrent coil can be 
placed in any liae wire. Since in a d-c. system the voltage 
across the outside wires is- also greater than the voltage 
across either side, the voltmeter coil must be placed between 
an outer and the neutral wire. But in the balanced a-c. 
system the voltage is the same across all pairs of line wires; 
thus the voltmeter coil can be placed across any pair, provid¬ 
ing the line in which the current coil is inserted is one of the 
pair. 



Bto. 148. A balanoed S-wire d-o. systeim. The reading of the watt¬ 
meter must be multiplied by two in order to detennine the total 
powor taken by the lamps and the motor M. 


So, mak i n g allowances for the points of difference between 
an aro. three-wire three-phase system and a d-c. three-wire 
system, it is readily seen that when a wattmeter is similarly 
placed in either, with the load balanced and power-factor 
unity, the reading must be multiplied by 2 in order to obtain 
the total power in the system. 

41. Two-Wattmetei Method: Unbalanced Three^hase. 
Keeping in mind the points of dmilarity and difference be¬ 
tween the alternating-cuiTent and the direct-current systems 
just compared; let us investigate the power in the same two 
systems when unbalanced. 

In Pig. 144, which represents an unbalanced 3-wire d-o. 
SS^stem, the power delivered by the generator is not twice 
the reading of wattmeter Wi (9 X110) watts nor is it twice the 
reading of wattmeter Wt (19 X 110) watts, but is merely 
the sum of the two readings (9 X 110) -|- (19 X 110) watts. 
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Similarly, in any unbalanced S-wire S-phase system, there 
is no .sin^e wattmeter reading which can be multipHed by 
two to obtain the correct total power. But two wattmeters 
may be inserted, each with its current coil in one line wire. 


_^Aiap ^_ csn 



1 

B 

m 


1 

I 

i 





Fia. 144. The power taken by the laznpe and motor on this un- 
balanoed S-wiie d-o. line equalB the sum of the readings of the two 
wattmeters. 


and its pressure coil between that wire and the third wire, 
as in Fig. 146, which is similar to fig. 144 for a d-c. 3-wlre 
system. The sum of the readings of Wi and Wt is then the 



Fio. 145. The power taken by the 3-phaae Oi-a. motor equals the sum 
of the readings of the two wattmeters just as in the d-c. system 
shown in Fig. 145. 


power taken by the whole system, exactly, as in the case of 
the unbalanced d-c. system. 

There is one other point to be noted concerning this two; 
wattmeter method of measuring the power in a 3-phase cir¬ 
cuit. The current and voltage may be so much out of phase 
that even on a balanced load when the two wattmeters are 
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coasiected bx exactly wimikr fashion to their respeotiTe lines, 
one of the wattmeters will indicate in the reverse or negative 
direction. This wattmeter therefore should have the connec¬ 
tions of its pressure coil reversed m order to obtain a reading, 
and this reading should be subtract^ from the reading of the 
other wattmeter. 

The general; role, then, for measuring power in any 3-phase 
aro. drouit is to assume the phases unbalanced and to use 
two wattmeters. Insert the current coil of one meter in 
any lead, and the current coil of the other in any other lead, 

. being sore always to connect the two coils in the same man¬ 
ner, that is, the similar terminals A either both away from 
the g^ierator or both toward the generator as shown in Fig. 
145. Corresponding terminals of both pressure coils should 
then be connected to similar points on these line wires, and 
terminal C of each instrument should then he connect^ to 
the remaining line wire.* 

If both instruments now indicate podtively, the sum of 
the readings is the total power in the system. If both indi¬ 
cate ne^tivdy, revei^ the voltage coils of both and add 
the readings as before. If one only indicates negatively, 
reverse the voltage coil of that one and take the difference 
of the readings. 

Great care should be exercised to connect the wattmeters 
symmetrically with regard to each other. Where the power 
la sufficiently steady, one wattmeter only may be used, insert¬ 
ing it successivdy in two lines, and the sum (or difference as 
explained above) of the readings taken. To facilitate rapid 
changes of connections, the polyphase board shown in 
146 has bean devised. 

Note how by means of this device the wattmeter current 
coil can be quickly inserted in any line and taken out again 
without interrupting the current through the line. The 

* Another reliable method is to oonaider each wattmeter to be 
eonneoted positive, when it indioatee positive with the third line 
Open* 
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preeaure coil may also be connected between any pair of line 
wires. This board also secures symmetrical attachment of 
i^e meter to all the lines. 

Tnniwnlng B-pihaflB laads 



146. A polyphase board for oonneotiDg one wattmeter quiddy And 
correotly to measure d-phase power. 

Prob. 26-4. Each lamp in "Fig, 140 takes 4 amperes. What 
will a wattmeter indicate when the current coiL is inserted in line 
A and the 'Mtage coil is across AC7 

Prob. 2944. What will a wataieter of Prob. 28 indicate if the 
current coil is inserted in the line B and the voltage coil is across 
B and C; ^ connections made symmetricfdly with wattmeter in 
Prob. 28. 

Prob. 80-4. What should the sum of the two wattmeter indi¬ 
cations of Prob. 28 and Prob. 29 be? 

Prob. 8144. Each lamp in Ilg. 147 takes a current of 3 am¬ 
peres in ph^ with the voltage. The motor is a 5-h.p. induction 
motor running at full load. It has a power-factor of 80 per cent at 
full load and an efficiency of 75 x>er cent. What is the total power 
supplied to the lamps and the motor? 

Prob. 82-4. What current flows in each line wire of Prob. 31 at 
A, B, and C? (Consider the sequence of phases as counterclock- 
wise in this and following problems.) 
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Prob. 88 - 4 . What willTOttmeter Wi of F!g. 147 indicate with 
line loaded as in Prob. 317 

Prob. 84 - 4 . What will wattmeter Wt of Eig. 147 indicate with 
line loaded as in Prob. 317 



Fto. 148. A thr oo p hase cirauit loaded with lampe and an induction 

motor. 

Prob. 87 - 4 . Wbat is the powor-factar of the line in "Fig. 147 
when loaded as in Prob. 31? Assume that the power-factor of a 
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thre^-idiflse system means the number by which the total volt- 
amperes in all phases must be multiidied, to find the total effective 
watts in all phases. 

Prob. 88-^4. In Fig, 148 wattmeter W% indicates 8.42 kw.; Wi 
indicates 0.61 kw. The powex^laotoir of the induction motor M is 
72 per cent. The lamps each have the same current and unity 
power-factor. Find the tot^ power ddivered to the lamps and 
motor. 

Prob. 89-4. What are the total volt-amperes and amperes in 
load M of Prob. 38? What are the watts, voltnamperes, and am-; 
peres in each lamp of loads L and T? 

Prob. 4(HL. What current flows through each of the line wires 
in Prob. 38? 

Prob. 41-4. What is the power-factor of the arrangement in 
Prob. 38, according to the definition given in Prob. 37? 

Prob. 48-4. If the induction moto of Prob. 38 has an effidenoy 
of 80 per cent, at what horse power is it operating? 

42. One-Wattmeter Method: Balanced or Sli|^tly Un¬ 
balanced Systems. When a three-phase three-wire system, 
either A- or Y-oonnected, is only a little out of balance, and 
merely an approximate value of the power is desired, the 
one-wattmeter method is sometimes used, on account of its 
greater oonvenience. Fig. 149 shows the connectioDS. The 



Fig. 140. One-wattmeter method of measuring the power in a S-phase 
3-wire system. Terminal C is attached first to line 1, then to line 3. 


omrent coil is connected in one line wire, say No. 2. The 
pressure coil is connected across from line 2 to line 1, a read¬ 
ing is taken, and then the terminal of the pressure coil is 
quickly tranfiferred from line 1 to line 3. If this causes the 
wattmeter to indicate negatively, the connections of the 
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presBure coil are reversed, and the reading then obtained is 
given a negative sign. The algebraic sum of the two read¬ 
ings taken in this way is the approximate power being con¬ 
sumed by the load, provided that the phases are nearly 
balanced. When possible it is generally best to use the two- 
wattmeter method, which is accurate for a three-wire system 
uiider all oonditiaDS of balance. 

43. Three-Wattmet^ Method: Balanced or Unbalanced 
Systems* If the neutred point of a three-phase system is 
available, three wattmeters may be used to measure the 
power delivered. It is necessary merdy to connect the 
current coils of the three wattmeters re^)ectively into the 
three line wires, plsicmg the pressure coil of each between 
one end of the current coil and the neutral point. If no 
neutral is available, an artificial neutral, may be constructed 



PiQ. 160. The three-wattmeter method of measuring power in a 8-wire 
8-phase system. The point 0 is the artificial neutral formed by the 
three equd star-connected resistanoes FO, ZO, and ZO. 


by joining three equal non-inductive resistances in star and 
oonneoting the free ends to the system. The resistances 
must be high enou^ not to disturb the current in the lines, 
by drawing an appreciable amount from the line, and yet 
low enough to be practically negligible when compared with 
the resistance of the pressure coils of the wattmeters. The 
three wattmeters as used with their artificial neutral (0), 
are shown in Fig. 160. 
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. Prob. 48 - 4 . AfBume that in Elg. 160 the voltage 1-2 is 200 
volts; 8-1, 235 vdts, 2-3, 220 vdts. What ■will be the vdtage 
across 'tihe pressure o(^ of eaoh wattmeter? TTse clockwise jdiase 
sequence in this problem and in 44 and 45. 

Prob. 44-^ Assume that each lamp, Fig. 150, takes 10 amperes 
in phase with the voltage across it, and that the induction motor 
M takes 80 amperes at 80 per cent power-factor. Vdtage as in 
Prob. 43. . 

(a) What current flows in eaoh line wire? 

(5) How much power is taken altogether by the lamps and 
motor? The line drop is negligibly small. 

Prob. 48 - 4 . (a) What -will eaoh wattmeter in Fig. 150 indicate 
when the line is loaded as in Prob. 43 and 447 

Q}) Compare the total wattmeter indication with answer to Prob. 
44(6). 

44. Computation of Power in Polyphase Circuits. In 
three-phase circuits we have seen that the phase difference 
between the line current and the line voltage is not the same 
as the phase difference between the current and voltage of 
the coils of a machine. When we state that the power- 
factor of a maohine which is used as a load is, say, 0.80, we 
mean that the powe>factor of each phase of the winding 
of 'that machine is 0.80. Therefore, when cos 6 (the cosine 
of the angle representing phase difference between the volts 
and the amperes) is used as the x)ower-factor, the angle 6 is 
the angle be'tween the current and 'the vol'tage of one and 'the 
same coil of 'the machine. All 'the coils of a machme gener¬ 
ally have 'the same power-factor; but if there is a slight 
variation, the average is used in finding the phase difference 
between -the volts and amperes of eaoh coil. 

The i)ower-factor of any i)olyphase system is really and 
logically the ratio of the total effective power, or total watts, 
in dd parts or phases of the system, 'to the 'total apparent 
power, or total volt-amperes. Thus, when we say that a 
three-phase alternator is delivering 100 kw. at a power- 
factor of 80%, we mean that 

Wi + Wi+ TTa _ A 
EJi + EJi + Ezh ' 

Wi + W 2 + W 9 = 100,000 watte 
= 100 kw.. 


and 
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in which Wi, Ei, and h axe the effective watts, volts, and 
amperes in one and the same winding, which forms one of 
the three phases of the mimliinA. 

If the phases were aU alike as to voltage {Ei = Ea’^ Et), 
and amperage (7i = I* = /i), and wattage (TTi •= TT* = Wt), 
this would mean that they must also be al^ as to power- 

factor power-factor of the 

whole machine would be exactly the same as that of each 
and every one of its several windings or phases. But if the 
voltages of the phases are unequal, or the amperages unequal, 
or the wattages unequal, it is often difficult or impossible to 
determine the power-factor correctly; and, in fact, a single 
value of power-factor in such an unbalanced system is 
practically meaningless, because it is a theoretical and ficti¬ 
tious (Juantity which does not actually refer to any of the 
drcuits in the system. It simply enables us to determine 
the mae of the machine, approximately. Thus, in the case 
just given, the alternator would have to be of sufficient 

100 kw 

size to be rated at least —qT” ®*P*®*y 

all phases together. 

The data from which we must calculate power-factor of a 
polyphase system are, usually, the current in each line wire, 
the voltage between line wires and the total effective watts 
as obtained by one of the wattmeter arrangements just 
described. Inequality of currents or of voltages indicates 
that the loads or power-factors in the various phases of the 
generator or motor windings, or load cirouits, are unequal. 
It is a common practice to divide the total effective watts 
by (Vs times the product of average of the amperes in all 
line wires times average volts between all pairs of line wires). 
In a three-phase system, according to this method: 


Power^factor 


total effective watts 


V3x( 


Ii +1% + It ^ Ei + . 
o ^ 


I + Ei 
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This method is likely to pve a very inaoouiate value when 
the phases are much out of balance; that is, if the total effec¬ 
tive watts were divided by the system power-factor calculated 
by this method under such conditions, the result would 
not be the total volt-amperes in all of the phases. Neve> 
theless, as it is frequently impossible to apply a wattmeter 
or voltmeter and ammeter, within the phases of the system 
(as indicated in lig. 147), some approximate method, such 
as that given above, must be used. 

In any case it ^cnild be clearly understood, however, that 
the'power-factor of a polyphase system indicates (more or 
less acouratdy, depending on the closeness of balance) the 
phase relation of the current in each phase to the ejn.f. in 
that same phase; it does not indicate the phase idation 
between the current in a line wire and the pressure between 
two line wires. For instance, in case of the three-phase 
100 >kw. alternator referred to, the power-factor of which 
corresponds to a phase difference of 37° (cos 37° « 0,80), 
we do not mean that the current in the line wires is out of 
phase with the pressure between line wires by 37°, but we 
do mean that the current in each phase of the generator 
winding lags or leads 37° with respect to the voltage across 
the terminals of that winding; or, that if all the apparatus 
with which the line is loaded were replaced by one large 
machine taking the same total power in three balanced 
phases with the same average current per line wire and 
same average pr^ure between line wires, the current in 
each phase of the winding of this machine would lead or lag 
37° with respect to the pressure between terminalB of that 
phase. 

Uraog these facts, we can easily compute the current in 
the line wires of the above S-phase generator, for any given 
voltage between wires. 

Example 8. Let us assume that the machine used as a load in 
the above paragraph ia a A-oonneoted motor taking 100 kw. with 
an 0.80 powei^faotor as in Fig. 151, and that the voltage is 220 volts. 
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M the three phases are generallj balancedi and, as we have seen^ 
the whole load is 125 kv-^, the apparent power taken by each ooii 
would be 



Fig. 161. A 100-h.p. 220-volt induotion motor with an 0.80 
power^faotor. 



Fio. 152a. The veotor Ia. representB the current in the line wire A, 
Pig. 151. It is made up lu the current in coil 1 of the motor 
and It the current in coil 8 of the motor. Note that the our];ent h lags 
37° behind the voltagg Ei, and that the current It lags 37° behind 
the voltage Ei. 

41 7i00 

The otiirent through eaoh phase mu^ = 100 amperes. 

The ourrent in eaoh line wire of a balanced 3-phase system, 
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A-conneoted, equala Vd times the ourrent in each phase. Thus 
the current in the line here equiJs Vs X 190 » 328 amperes. 
Fig. 151 flhom the diagrani of oonneotionB for this motor and Hg. 



Fig. 152b. The vector J6 is the ourrent in the line B and is made up 
of Ji and li, the currents in the ooite 1 and 2 respectively. Note 
that h lags S?** bdiind Ei and that 1% lags 37^ bdiind Et, 



Fig. 162c. is the ourrent in line C and is made up of It and 1%, the 
currents in coils 8 and 2 re^eotively. Note that 1 % lags 37^ be¬ 
hind E% and that It lags 37** behind Et> 

152a is the vector diagram showing the current in the coils and in 
one line wire. The voltage vectors and Et were not necessazy 


196 ALTEBNATINCH2URBENT ELSCTBICIT7 


for the constniotion but were put in to show what the power-factor 
of 80 per cent meant; that is, that the current 7i through coil 1 
lags 37° behind the voltage Ei across coil 1, and that the current Ji 
through coil 2 lags 37° behind the voltage E% of coil 2, etc. 

Fig. 152b diowB how the currents in coils 1 and 2 combine to 
produce the current in lixiA B. Fig. 152c shows how the currents 



Fio. 152d. Vector diagram showing currents and phase rdations of 
ourrents and voltages in line and coils of motor. This figure comr- 
bines Fig. 152a, 152b and 152o. 

in the coils 2 and 3 combine to produce the current in line C. Fig. 
152d is a diagram made by assembling Fig. 152a, 152b, and 152c. 
It shows the phase relationB of the currents and voltag^ in all the 
coils and all the line wires. 

Note now that to find the amperes in the line wires of a 
balanced 3-phase A-conneoted system, we divided the total 
volt-amperesjhy 3 and then by volts, and multiplied the 
result by VS. 
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TtatiB, 

But dividiiig by 3 and multiplying by Vz is the mwifl as 
multiplying by or 

VSSbi, 

This is generally written 

Apparent power = V 3 SI, 

when 

E = voltage across any pair of line wires, 

I = current through one Ime wire. 


Since effective power = apparent power X poweivfaotor, 
effective power = V 3 £I X power-factor. 


This is the general equation for a balanced, S-phase'system, 
A- or Y-connected. 

For if the motor in the example were Y-connected, then 

220 

the volts across each coil would have been—= 127 volts. 

V3 


The apparent power taken by each ooU 41,700 

volt-amperes. The current in each coil would have been 


41,700 

127 


= 328 amperes. 


But in a Y-connection each lead carries the same current 
as each coil. Thus the current in each lead 328 amperes, 
as in the case of a A-connection. 

In this case, to find the current in each line, we di'rided 
the apparent power by 3, and then divided this quotient by 

^ ** multiplying powerj 

by gi,*« a. . 

\to 1W \ -V^ X TOltB / 
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' r apparent power 

^ - ^ — 

This as above is seen to reduce to 

effelotiye power = V3 June X poweivfactor. 

Example 9. What power does a bcdazioed S-phase system with 
90 per cent power-factor deliver, when each line wire canieB 40 
amperes, and the voltage between line wires is 6000 volts. 

BflFective power = VbEI X (power-factor) 

« 1.73 X 40 X 6000 X 0.90 
374 kw. 

Prob. 46-4. How much current does each lead of a 3-pha8e 
220 -volt inductiozi motor cany, if the motor requires 12 kv-a. to 
operate it? 

Prob. 47-4. How much power does it take to operate a 3-phase 
650-vQlt induction motor at full load if each lead is found to carry 
18 amperes, and the power factor is 85 per cent? 

Prob. 46-4. A 3-pha8e 110-volt 5-Lp. induction motor takes 
400 watts at no load with a power-factor of 50 per cent. What 
current does it take from each line wire at no load? 

Prob. 46-4. If the power-factor of the induction motor of 
Prob. 48 rises to 90 per cent at full load, what current does each 
lead carry at full load, when its efficiency is 85 per cent ? 

46. Parallel Operation of Motors, etc. When two or 
more 3-phase appliances are operated in parallel, the total 
power taken by them all is, of course, the sum of the power 
taken by each. But in computing the current in the line 
and the power factor of the combination, it is easiest to 
consider but one phase of each machine; and since the 
machines are joined in parallel these phases of the various 
appliances are in parallel. 

Example 10. For example, suppose that the S-phase induction 
motor of Example 8, having a power-factor of ^ per cent and 
iiaking 100 kw., were operating on the same 220-volt line with a 
3-phase synchronous motor taking 100 kw. at 90 per cent power- 
factor, current leading. Find the lino current and power-factor of 
the load. 
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In Elg. 153| M represenia the induotion motor and N the i^- 
chronous motor. We have computed on page 104 by meane of a 
vector diagram that the cuirent in each coil of the induction motor 



Fig. 158. The 100^. synchronous motor N with a 0.00 leading 
power-factor is connected in parallel mth the 100-kw. induotion 
motor M with a lagging power-factor of 0.80. 


M was 100 amperes, and that it lagged 37^ behind the voltage 
across the same coil. 

For the eynohronous motor iV, 


. ^ effective power watts 
power-factor — *" ■ = — ■■ 

apparent power voLtnamperes 

watte 

Thus, total volt-amperes =- . ^ 

power-factor 

100X1000 


In each o(^ 


vdt-ampereB > 


0.90 

= 111 , 000 . 

111,000 

3 


Current throu^ each coil, 
amperes - 


37,000. 


voltnamperes 


volts 

37,000 

220 


168. 
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By meang of the diagram of oonneotions for the ^ynohronoua 
motor N 154) aad the vector diagram (Ilg. 155), we see that 
the cuirent which each lead U, 3 and T must oarry equals Vi X 
168 amp., or 202 amp. The voltage vectors and Ei do not help 



Fiq. 154. The internal oonneotionB and the cuirent distribution in 
the synchronous motor N of Fig. 154. 


the al)Ove solution, but are added to show that the power-factor of 
90 per oent meanfi a phase difference of approximately 26^ between 



the current in a coil and the 
voltage across that coil. Note 
that in the synchronous 
motor a power-factor less 
than unity usually means a 
leading current (see ** Second 
Goune’’), and that here 
the current is 26° ahead 
of the corresponding voltage. 
The resulting current lu in 
the terminal wire U is seen to 
be 4° behind the voltage Bi 
across coil 1. 

From Fig. 152, we see 


Fig. 155. The vector /u represents that in the case of the induc- 


the current in the lead wire Z7, and tion motor the terminal wire 


is made up of Ji, the current in coil A is taking 328 amperes from 


1 and Is, the current in coil 8. the same line wire X. But 


Note that h leads Ei by 26° and/i this current of 328 amperes 
leads ffs by 26° and Iz leads Ez by lags 67° behind the voltage 
26°. Note also that lu lags 4° acroas coil 1. 
bebmd Ei, The voltage across coil 1 of 
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each TTiAfllimfl is the voltage between the line wires Y and X. Thus, 
the line x fumidies the synchronous motor N with a current of 292 
amp. 4° bdbind the voltage between X and 7, and it furnishes the 
induction motor M with a current of 328 amp. 37^ behind the 
voltage between X and F. 

Ckmstruct lig. 156, letting the vector Xi represent the direction 
of the voltage between X and F. I a. represents 328 amperes, the 
current in l^e lead wire A of the induction motor, and is drawn 
67** behind the voltage vector Xi. Ixj represents 262 amperes, the 
current in the lead wire 17 of the ^ynchronouB motor, and is drawn 
4** behind the voltage vector Ei. 

The resultant of these, Zxi represents the current which the line 
wire X carries in order to supply these two motors. 



Wig. 156. The vector represents the current in the line wire X of 
Fig. 153. This line current is a combination of Iaj the current ini 
lead wire A of the induction motor Af, and Itr the cuirent in the lead 
wire of the synchronous motor N. 

7l=/#+Zi + 2/i^^oos63“ 

-292* + 328> + 2 X 292 X 328 x 0.454 
» 280,000, 

/x- ^280,000 

a 529 amperes. 
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Ab the ourrent in aJl the leads to each motor is the same and at 
the pn-tne phase ao^e to the oorrespond^ voltage as shown in Fig. 
152 and 165, the current in each of the line wires Z, 7, and Z would 
be 529 amperes. To find the power-factot of combination, 
or the power-factor of the three-phase system, we have merely to 
divide total eSective power by the total apparent power. 

Effective power -100 + 100 

= 200 kw, 

Ai)parent power - Vs X 629 X 220 

- 201.6 kvna. 

^ ^ 200 
Poweivfactor = 

- 99.3 per cent. 

The same result be obtained by a longer method consistr 
ing of the phase difference between the resulting current 

produced by joining corre^nding phases together, and the re¬ 
sulting voltage acroos the same combination. Thus coil No. 1 of 
both the induction motor and the synchronous motor are really 
in parallel across che line wires X and 7, which have the pressure 
of Zi, or 220 vdts, between them. 

Dmw £1g. 167f letting Et Tepreaeuxt the voltage across the parallel 
oombinalion of the coils No. 1 of each machine. Take hjn = 190 



Fia. 167. The vector I represents the current which results when 
IiFt the current throu^ coO J of the synohronoue motor N, is com¬ 
bined with Ji jr, the current throu^ coil 1 of the induction motor Jlf. 
It' represents the resulting current which must be supplied to three 
such pairs of coils. 

amp., from the vector diagram Fig. 162, to represent the current 
in the coil 1 of the induction motor M. Note that it lags 37° be¬ 
hind El in Fig. 162, so it must lag 37° behind Ei in Fig. 157. Take 
vector Ziiv 168 amp. from Rg. 166, to r^resent the current in 
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the coil No. 1 of the synohronous motor. Note that in Fig. 155 it 
leads El by 26^, so it must lead Ei by 26** in Fig. 157. deplete 
the parallelogram and find the resulting current I, as foUows: 

P = PiN + PlI£ + 2IiIf XliM X cos 63® 

= 190* + 168* + 2 X 168 X 190 X 0.454 
= 93,300, 

I = V93,300 
B 305.5 amperes. 

The an^e between this resulting current I through the combina¬ 
tion, and the voltage Ei across the combination, is $. The corre- 
^onding poweivfaotor equals cos 6, The value cos 6 can be found 
as follows: 

OH 

Draw the line IE petpemliciilar to Ei. Then oos 0 

OE •= Oluf COB 26“ + OIiM C08 37*, 

OH = 108 X 0.9 +190 X 0.8 = 303.2, 

OE 303.2 

01 “ 306.6’ 

303 

cos ^ = 99.3 per cent. 


Since the combination of the No. 1 phases in N and M is 
exactly similai' to the combination of the No. 2 phases in N and 
M and of the No. 3 phases in N and Af, it follows that each 
phase of the line XYZ must deliver a total current of 305.5 
amperes to a total equivalent deltarconnected load. There¬ 
fore, the current in each of the line wires XYZ must be equal 
to (\^ X 305.5), or 529 amperes. This checks our result 
previously obtained. It is common practice, in applying this 
method and drawing a diagram like Fig. 157, to multiply 
IiN and IiM each by VS before combining them; then the 
resultant gives the current in each line wire directly, without 
applying the VS factor as above. Obviously, it is immaterial 
to the final value of line current, when we perform this 
multiplication by V3, provided we do it correctly. The 
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quaQtii 7 Vs/ijr = 1.73 X 168 ■= 292 amperes is Cf^ed the 
eqairalent single-phase an^eres of the motor, because it is the 
current which a single-phase motor would have to take from 
a angle-phase line to get the same total effective watts at the 
same voltage between line wires, and the same power-factor. 

This latter method makes use of the fact that the power- 
factor of a line is the cosine of the angle of pbese difference 
between the resultant current in a combination of parallel 
load circuits, and the voltage across the combination. The 
first method is based on the simpler fact that the power 
factor is always the ratio of the effective power to the ap¬ 
parent power. 

Still another method may be used by combining directly 
the true power and the apparent power as vectors and find¬ 
ing their resultant as esgplalned on page 176. 

This example also shows how a synchronous motor load 
may be used to offset an induction motor load and thus 
better the power-factor of the line. Note that the power- 
factor of the line is higher when the synchronous motor 
(taking leading current) is operating in parallel, than when 
the induction motor (taking lagging current) operates alone. 

Note that to supply the 100 kw. to the induction motor 
alone the line wires each had to carry 328 amperes. But to 
supply both the induction motor and the synchronous with 
200 kw. (twice the load) 529 amperes had to be carried by 
the line wires. That is, to transmit double the power at 
the same voltage only about one and one-half as much 
current was used, because of the improved power factor. 
Thus comparativdy smaller line wires may be used. 

Prpb. 60-4. At a certain wodlen mill a OOd-kv-a. ayndhronous 
motor is used to improve the power-feuitor of a 1050-kw. inHnntinTi 
motor load which has a power-factor of 64 per cent. At what 
powerfaotor does thh synchronous motor operate if it raises the 
total power-factor to 86 per cent when it is loaded to take 200-kw. 
cf the total effective power taken by the shop? Use S-phase for 
convenience in solving at 660 volts. AamiTrifl power-factor of the 
induction motor to remain constant. 
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Prob. 61-4. A 500-kv-a. S-pbase 440-yolt synchronous motor 
is operated at rated kv-a. at 84. per oent leading power-factor in 
parcel with 3-phase 440-yolt induction motors totaling 1000 ky-a. 
at 80 per oent power-factor. What is the power-factor of the 
combination? 

Prob. 62-4. What will-each wattmeter indicate in !E1g. 158? 
(Elec. Joumali 1907). 

Prob. 68-4. ¥md current in each lead in Mg. 169. (Elec. Jour- 
nal| 1007.) 



Fia. 158. Two-wattmeter method of measuring a-o. power in three 
phase circuits. 



Fig. 159. An unbalanced load on a three-phase three-wire system. 






SUMMARY OP CHAPTER IV 


THE AVERAGE POWER delivered when the alternating 
current and pressure are IS FHASS equals the product of the 
efiective volts times the effective amperes. That is, 

P = EL 

WHER THERE IS A PHASE DIFFERENCE BETWEEN 
CURRENT AND PRESSURE, of go% no power is being de¬ 
livered. All the energy going from the generator is returned 
to it during each cycle. 

WHEN THE PHASE DIFFERENCE between the current 
and voltage is 0 ^ the power delivered equals the effective volts 
times the efiective amperes times the factor,^ cos 6 . The 
equation is 

p s El cos 6 . 

POWER-FACTOR is the name given to the term cos 6 . 

APPARENT POWER is the name given to the eapression 
El, and the units are called VOLT-AMPERBS, to distinguish from 
watts, which is reserved to mean effective power. 

offective power watts 

POWER-FACTOR - - -=» —;-- 

apparent power volt-amperes 

The power-factor equals unity when the pressure and current 
are in phase, and zero when there is a phase difference of 90 ° 
between thmn. 

REACTIVE AND POWER COMPONENT. Any alter¬ 
nating coirent may be considered to be made up of two parts 
having po^ phase difference. One part, the POWER COMPO¬ 
NENT is in phase with the pressure and equals the current 
times the cosine of the angle of phase difference between the 
current and the voltage. The product of this component and 
the voltage measures the effective power, or watts. 

POWER COMPONENT = I COS 6. 

Watts = power component of current X voltage = E XI cos 6 . 

The other component lags or leads go*^ from the voltage and 
is equal to the current times the sine of the angle of phase 

206 
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difference between the current and voltage. This is called the 
ASACXrTS COMPONENT of the current, and no power is de¬ 
livered by it 

REACTIVE COMPONENT = I sin 6. 

Reactive volt-amperes = reactive component of current X 

voltage = SI sin 6. 

THE POWER TASEN BY AN APPLIANCE CARRYING 
ALTERNATING CURRENT IS MEASI7RED by means of a 
wattmeter, one coil of which carries the current which is flow- 
ing fhrouc^ the apidiance, the other coil receiving the pressure 
that is across the appliance. The wattmeter reads the prod¬ 
uct of the volts times the amperes times the power-ffictor of 
that part of the circuit to which it is applied. 

THE POWER IN ANY POLYPHASE SYSTEM equals the 
sum of the power in all phases, measured s^arately. 

TO MEASURE THE POWER IN A 3 -PHASE 3 -WIRE 
SYSTEM, two wattmeters are generally used. The current-coil 
of one wattmeter is jdaced in one line wire, and the current- 
coil of the other instrument is placed exactly symmetrically with 
regard to connections, in either of the other two lines. One 
end of the pressure-coil of each instrument is then connected 
to the same line as the current-coil, and the other end to the 
third line wire. If the instruments both indicate negatively, 
the voltage coil of each is reversed, and the readings added to 
find the total power in the 3 -pha 6 e circuit If one instrument 
only is negative, the voltage coil of thLt instrument is reversed 
and the difference of the readings taken. If both indicate 
positively, the readings are added. 

TO COMPUTE THE POWER IN A BALANCED 3 -PHASE 
CIRCUIT, multiply the product of the effective volts between 
the line wires by the effective current in each line wire, by 
V 3 and by the power-factor. 

P = V 3 IE X (power-factor). 

The power-factor here is the cosine of the an^e of phase 
difference between the current in each coil of the load and the 
voltage across that colL 



PROBLEMS ON CBAPTER IV 

Prob. 64^. What power is consumed by a cdl the impedance 
of which is 40 ohmSi and power-factor 70 per centj when an alter¬ 
nating pressure of 2^ volts is mamtained across it? 

Prob. 66-4. What power is consumed by a startdng resistance 
of 40 ohms, non-inductivB| when an alternating voltage of 220 volts 
is iDamtained across it? 

Prob. 56-4. What power would be consumed if the coil and re¬ 
sistance of Prob. 54 and 55 were in pandlel across the 2^volt line? 

Prob. 67-4. What would be the power^actor of the linei in 
Prob. 66? 

Prob. 6S-4. What would be the resultant current in the line 
in Prob. 57| and what would be the phase difference between the 
line current and the line voltage? 

' Prob. A generator is supplying two induction motars in 
paraOd which taJre 7 kv-a. each at 220 volts. Each has a power 
fiMTtor of 80 per cent, lagging current., What is the total kv-a. 
output cf generator? Total watts output? Power-factor of line? 
W^t is the current in each line wire if system is ain^e-phase? If 
the system is two-phase fomvwiie? If system is thr^phase three- 
wire? 

Prob. 60-4. In order to imjirove the power factor of the above 
linBi one of the induction motors is exchanged for a eyxichronous 
motor which carries the same load but takes a leading current. 
To. what power-factor must the synchronous motor be adjusted 
and what apparent load in kv-a. must the motor take in order to 
make the power-factor of the line unity? 

Prob. 61-4. (a) Compare the apparent power supplied by 
generator in Prob. 59 with that supplied in Prob. 60? What 
becomes of the difference? 

(5) Compare the current supplied by the generators under the 
oond^ons cf the two problemsi aasuming a th^phase system. 

Prob.. 62-4. An induction motor taking a lagging line current 
of 20 amperes with a power-factor of 75 per cent is connected in 
parallel with a eynchronous motor taking a leading line current of 
35 amperes with a powez^faotor of 85 per cent. W^t current flows 
in each wire of the three-phase line which supplies the two motors? 

208 
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Prob. 6a^ The line voltage in Prob. 62 is 220 volts. What is 
the phase differenoe between the current in each line wire and the 
pressure between this wire and each of the other line wires? 

Prob. 64-4. From the line voltage, current per line wire and 
phase relations found in Prob. 03 compute total power taken by 
motors. 

Prob. 66-4. Chedk the value of total power taken by motors 
computed as in Prob. 64, by the sum of values computed for each 
sq>aratdy from data in Prob. 62 and 63. 

Prob. 66-4. In a two-phase motor having a power-factor of 
86 per cent, the two phases are balanced and entirely separate. 
At full load it takes 16 amperes at 220 volts in each phase. What 
power does it consume at this load? 

Prob. 67-4. If the motor of Prob. 66 has an efficiency of 90 
per cent, what is its rating in horse power? 

Prob. 68-^ If the motor in Prob. 66 were run on a S'Wire 
2 -phase system, what current would each line wire cany? 

Prob. 60-4. A 16-h.p. 2-phase 4-wire induction motor is guar^ 
anteed to have a powei^faotor of 86 per cent and an efficiency of 
88 per cent at full load. What current does each line wire cany, 
if line voltage is 230 volts? 

Prob. 70-4. What current would 'each line wire carry if the 
motor in Prob. 69 were used on a 3-wire 2-pha8e system with the 
same vdtage across each phase in the motor? 

Prob. 71-4. (a) Show how you would connect the proper in¬ 
struments to measure the power taken by the motor of Prob. 70i 

(b) Assuming a power factor of 86 per cent for each coil, what 
would the total power be? 

Prob. TiHL In Pig. 160 the lamps are Y-oonnected and a 
neutrcd wire brought out from their common juncture to neutral 
ol the generator. Each lamp takes 6 amperes at unity power- 
factor. What current flows in each line wire? 

Prob. 78-4. (a) What total power is consumed by the lamps 
in Prob. 72? 

(5) What is the power factor of the line if this is the total load? 

Prob. 74-4L In the place of Group IQ of Prob. 72, a single- 
phaae 3-h.p. induction motor with 82 per cent power-factor and 
76 per cent efficiency is inserted taking the same current. 

(a) What power is taken by the motor? 

lb) What total power is delivered to the system? 
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Prob. 7&-4- What current flows in each line wire of Prob. 74j 
the e.mi.'8 of the three phases being held 120** apart by the neu-^ 
tral Gonneotion? 

Prob. 76-4. Calculate the power-factor of the entire polyphase 
sysLem of Prob. 74, by two methods, as followB: 

(a) Dividing total effective watts in all phases, by the total ap¬ 
parent watts in all phases. 

(&) Dividing total effective watts by Vs times average line cun- 
rent times average vdltage between line wires. Compare these two 
values of system powofaotor. 



Fio. 160. The three banks of lamps are Y-^xurneoted to a 4wire 
d-phase eystem. 

Prob. 77-4. (a) How many watts would be indicated by a 
wattmeter which has its current coil connected in lineii (Elg. 169) 
and its pressure coil between A and B? 

(6) With current coil in A and pressure coil between A and CT 

(c) Sum of these readings, or total power aocordiog to eangle- 
watizneter miCthod? 

Prob. 78-4. (a) How many watts would be indicated, with cur¬ 
rent ooU of wattmeter in line B (Pig. 159) and pressure coll between 
Bandii? 

(6) T^th current coil in line (7 and pressure coil between (7 and A? 

(c) Sum of these two readings, or total power according to the 
twp-wattzneter method? 

Prob. 79-^ (a) How many watts would be indicated, with cur¬ 
rent ooU in line A (Elg. 160), and pressure coil A to JV? 

(6) With ouirent coil in B and pressure coil B to W? 

(c) With ouirent coil in C and pr^sure coil (7 to 17? 

(i) Sum of these three readings, or total power according to the 
three-wattmeter method? 
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Prob. 80-4. If the current flowing in Prob. 115-3 is 3.5 amp., 
and is in phase with the voltage of AiBi, what power is delivered 
by the series circuit? 

Prob. 81-4. What power is delivered by coil AiBi of Prob. 80-4? 

Prob. 82-4. What power is delivered by coil A%Bi of Prob. 
8(M? 

Prob. 88-4. (a) What power is (Mvered by coil AtBi of Prob. 
80-4? 

(5) Compare the sum of the answers to Prob. 81, 82, and 83 with 
the answer to Prob. 80. 

Prob. 84-4. Assume the current in the combinatipn of Prob. 
121*^3 to be in phase with the voltage across AA reversed, what 
are the power-factors of each coil and of the whole combination? 

Prob. 85-4. Assume that a lagging current of 4 amperes flows 
through the circuit of Prob. 125-3. The average power delivered 
by the combination is 500 watts. What is the power-factor of the 
combination? 

Prob. 86-4. What is the angle of lag between the current and 
voltage in each coil of Prob. 85-4, and between the current and 
the resulting voltage? 

Prob. 87-4. How much power is coDSumed by the first part of 
the (rirouit of Prob. 127-3? 


A 



m 


W' 

B 

^olte { 




ftfiM 

1 

P 

To Gonerator 


Fio. 161. The three-phase three-wire system in delivering power to 
four lamp groups. Two wattmeters are being used to measure this 
power. 


Prob. 88-4. How much power is consumed by the second part 
of the circuit of Prob. 127-3? 

Prob. 89-4. How much power is consumed by the circuit of 
Prob. 127-3? 
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Prob. 90-4u In "Fig, 161 each lamp taJme 4 amperes in phase . 
with the voltage across it. What power does the line deliver to 
four groups? 

Prob. 91--4. What current flows in each line wire of Prob. 90-4? 
Prob. 02^ What would each wattmeter in Fig. 161 indicate, 
if the were loaded aa in Prob. 00^? 

Prob. 9IHL. A smgle-phBse 54 l p. motor with 85 per cent power 
factor is represented by M, Fig. 162. A three-phase 10-h.p. motor 



Fig. 162. M repitfents a sing^phase induction motor. T represents 
a three-phase induction motor, The two wattmeters measure the 
power taken by these two motors. 


with 80 per cent power-factor is represented by T. The single- 
phase motor has an efficiency of 83 per cent; the 3-phase of 90 per 
cent. What total xx)wer is being supplied to the two motors when 
both are operating at full load? 

Prob. 94-4. What is the poweivfaotor of the entire arrangement 
in Prob. 93? 

Prob. 95-4. What current flows in each line wire of Prob. 93? 

Prob. 96-4. What will be the reading of each wattmeter in 
Elg. 162 when the line is loaded as in Prob. 03? 

Prob. 97-4. (a) What must be the load, in kv-a., of the 
ckronous motor in Prob. 60, in order to take the same power as 
the induction motor which it replaces, and also to make the power 
factor of the entire system 100 per cent? 

(b) At what power^faotor muk this synchronous motor operate? 

(c) Should it be adjusted to take leading current or lagging 
current? 



CEAPTER V 
ETOUCnVE REACTANCE 

In Btudyisg the relation between a uni-direotional electro¬ 
motive force and the direct current which this e.m.f. can 
force through a given circuit, we learned that for any par¬ 
ticular circuit this relation was fixed; that is, the voltage 
across the circuit divided by the current in that circuit 
always gave the same numerical value, which we cidled the 
resistance of the circuit. We have then defined the resist¬ 
ance of a direct-current circuit as the ratio of the voltage to 
the current which the voltage can force through it, or 
recdstance (in ohms) = volts per ampere. 

When we took up the relation between an alternating 
e.m.f. of a given frequency and the alternating current 
which this e.m.f. can force through a given circuit, we saw 
that there was also a fixed ratio between these, but that this 
ratio was not necessarily the same as the ratio between a 
direct e.mi. and a direct current in the same circuit. There¬ 
fore, we called the ratio of volts to amperes in an a-c. circuit 
the Impedance of the circuit in order to Hiatiyigniah it from the 
ratio of the direct voltage to the direct amperes, or the resist¬ 
ance. Both the resistance and the impedance are measured 
in ohms. It is the purpose of this chapter to 'explaiu one of 
the causes for this difference between the impedance of a 
drc^t carrying a-c. power, and the resistance of the same 
dpcuit carrying direct-current power. 

Suppose that we take for our first test circuit, one mile of 
No. 18 copper wire, which has a resistance of 33.6 ohms per 
mile. Let us string this up as a half-mile “line and return,” 
with the far ends joined, and the near ends across the termi- 
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of a 110-volt d-o. generator.. A d-c. ammeter inserted 
in the line would read 3.27 amperes, a current which this line 
could carry comfortably. That is, the resistance which this 
mile of wire offers to the flow of a direct current equals 


110 

3.27’ 


or 33.6 ohms. 


If we now connect the near ends across 


the terminals of a 110-volt 60-cycle a-c. generator, and insert 
an a-c. ammeter in the line, this meter would also read 3.27 
amperes. That is, the impedance which this mile of line 
wire offers to the flow of an alternating current also equals 

or 33.6 ohms. Note that this is exactly equal to the 


resistance which it offers to a direct current. 

For our second test circuit, let us take 345 ft. of No. 12 
copper wire with a cotton cover and string it up as line 
and return.” This wire has a resistance of 0.55 ohm, so 
that we would not be safe in placing the ends across a 
110-volt d-o. generator as before. If we did this, it would 
allow about 200 amperes to flow, which would burn up the 
wire. Therefore, let us put only 11 volts across it. An 
ammeter would now indicate 20 amperes, a safe current 
for this wire strung up as a line in free air. The resist¬ 
ance is or 0.65 ohm. Similarly, we would not be safe 
in placing this wire across the terminals of a 110-volt 60- 
cycle a-o. generator, as approximately 200 amperes would 
flow. Accordingly we will try 11 volts alternating current, 
at the same frequency of 60 cycles. An ar-c. ammeter would 
read about 20 amperes, showing that the impedance of the 
wire BO arranged is approximately the same as the resistance; 

or 0.55 ohm. But now let us wdnd this same wire on a 
round wooden core 20 inches long and 1^ inches diameter. 
There would be 730 turns on this core, which would consti¬ 
tute a weaJc electromagnet, as in Fig. 163. If we put the 
coil across the 11 volts direct current, as we did the straight 
■wire, an ammeter would still indicate 20 amperes, showing 
that, in shaping the wire into a weeJr electromagnet, we have 
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not oIiaDged in the slightest the resistaaoe which it offers to 
the flow of a direct current. The resistance is still H or 
0.55 ohm. 

But if we put it across the 11 volts alternating at 60 





780 Turns 


7 


Fig. 163. A weak electixaimgiiet made by winding wire 
(m a wooden core. 


cycles, we find an aro, ammeter indicates a little less, 

—about 16.7 amperes. The impedance has become or 

0.66 ohm. TVithout changing the wire in any way except 
to wind it into the form of a weak electromagnet, we have 
increased the impedance about 20 per cent, while the re¬ 
sistance has not been changed in the slightest degree. 

Su^ecting that the magnetic feature of the coil may have 
some infiuence, let us make as strong a magnet as is con¬ 
venient, of the same dimensions as the coil with the wooden 
core. We will, accordingly, wind the 345 ft. around a soft 
iron ring of 5-in. inside diameter, made of round IJ-in. stock 
as per Fig. 164. The length of the iron core would be nearly 
equal to the length of the wooden core and the 345 ft. of 
wire would make 730 turns on this ring, as on the wooden 
core. If we now place this coil across 11 volts direct cur¬ 
rent we win find that the ammeter still indicates 20 amperes. 
In winding the wire around an iron ring so as to make a 
strong electromagnet we have not changed, in the slightest, 
the resistance which it offers to the fiow of direct current. 
The resistance is still ^ = 0.55 ohm. 

Suppose, however, that we try it across 11-volt a-c. 60- 
cycle mains. An amiheter in the circuit would read about 
xiir of an ampere only (assximing 1800 as the permeability 
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of the iron core). Apparently the impedance has been in¬ 
creased inunensely. In fact, if we put the coil across a 110- 
volt 60-cyole alternating-current generator, only 0.164 ampere 
would flow. 



Via. Ift4. A strong deotromagnet made by winding the wire of 
Fig. 163 on an iron ring. 



Xa 'windiiig the core around the iron ring, therefore, we 
have increased more than a thousandfold the impedance 
which it offers to the flow of this alternating current. The 


impedance has now become 


110 

0.164’ 


or 662 ohms. 


Letuscon- 


fflder the causes of this great increase in the impedance. 

46. Inductive Reactance. We started with a wire 
which, when stretched out approximately straight, offered 
a fraction of an ohm retistance to the flow of a direct current 
and the same impedance to the flow of an alternating cur¬ 
rent. Without Rha.Tiging it any way except merely to wind 
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it about a piece of iron so as to form a strong electromagnet, 
we raised the impedance to over 660 ohms. This figure is 
so great that when we compare it with the original, 0.55 
ohm, we see that practically all this impedance is due to 
winding the wire around the iron. In speaking of the im¬ 
pedance of the coil we can thus neglect the original 0.55 ohm 
due to resistance, and say that practically the whole im¬ 
pedance of the wire is the result of winding it into a coil so 
that it sets up a strong magnetic field when a current flows 
through it. 

When the impedance of a circuit carrying alternating 
current is greater than its resistance, we say that this cir¬ 
cuit possesses reactance; that is, there is some condition 
present in the circuit which reacts against the voltage and 
hinders it from forcing through as large an alternating cur¬ 
rent as we would expect, judging from the resistance to a 
direct current. 

When this reactance in a circuit is largely due to the 
magnetic field which a current will set up about it, we call 
the reactance an indnctlye reactance and represent its value 
in equivalent ohms by the letter X. Now we have seen 
that the inductive reactance of a short straight line, about 
which a current produces almost no magnetic field, is prac¬ 
tically zero, while the inductive reactance of a coil made 
of the same piece of wire is quite noticeable, when the coil 
forms even a weak electromagnet, and very great when a 
strong electromagnet is produced. There seems to be some¬ 
thing about this magnetic field, then, which produces this 
counter action or, as we have called it, this reactance. 

In a circuit carrying direct current we know that sosae- 
tiTYiPfl such a strong reaction is set up that the current is cut 
down below the value which we would expect from Ohm’s 
law. This always happens whenever a motor is running on 
the circuit. We measure the resistance of the motor with the 
armature at rest and find it very low, and naturally ex¬ 
pect the motor when running to take a current which shall 
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have the value espreased by the fraction acro a a moto ^ 

resistaace of motor 

But we find that the machine takes but a amn-ll fraction of 
this cunent. On inveetigation we decide that the cause of 
this great decrease in current or large iacrease in apparent 
resistance is due to the fact that when the armature is re¬ 
volving the conductors on it out through the magnetic field 
and set up a counter e.m.f. which opi)oses the flow of the 
current. When the armature is standing still, there is no 
counter ejn.f. and the current would be very great (as indi¬ 
cated by the fraction above) if the same voltage were applied. 
The faster the mmature moves, and the stronger the field, 
the greater the counter e.mi. that is produced, and the 
smaller the current. 

If we investigate the reactance of a circuit carrying alters 
sating current, we shall see that the same thing is true. 
The circuit affers no reactance to an electric current unless 
the conductors of the circuit cut the magnetic field. When 
we try to send an alternating current through the coils in 
Fig. 163 and 164, the current is continually changing in 
vfdue and direction. The magnetic field is thus continually 
being buUt up in one direction, reduced to zero, and built 
up in the opposite direction. Obviously, in this process, 
the lines of flux must out the wires again and again. The 
stronger the field the greater the e.m.f. thus sot up. From 
an inspection of Fig. 165, we can see that the e.m.f. induced 
in the wire by this cutting, in each instance, always opposes 
the action of the current. Thus, if a current is trying to in¬ 
crease, the lines of flux, increasing and spreading, cut the wires 
in such a direction as to oppose any increase of the current. 
If the current is tiding to decrease, the lines of the dying 
magnetic field cut the wires in such a direction as to oppose 
the decrease of the current, or so as to maintain the current. 

Consider Fig. 165. Assume that a current is growing in 
the coil. It enters at Aj and a field immediately begins tc 
grow out, which spreads to the left and sweeps the wire At, 
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from right to left as is shown in Fig. 166. This is equiva¬ 
lent to the wire Az cutting to the right across the lines. 
Thus an ejni. is set up which tends to send a current out 


Fio. 165. A growing field around Ai spreads out and outs As. The 
growing field around At outs At and Ai, and seta up an induced ejni. 
From Fig. 166| note that this induced e.nLf. is in the direction op¬ 
posite to the current. 

at As in the opposite direction to the current which is 
being established in it.* This action takes place in all the 
wires as the current grows. The spreading field about each 
wire cuts the other wires in 
such a direction as to set up a 
reacting e.m.f. which opposes 
the growth of the current. 

A growing current is thus 
''choked” back in any coil 
where the field is strong and 
the turns are numerous and 
close together. 

By using the same figure, 

166 and 166, and assuming the 
current to be dying out, we 
see that the lines in the dying 
field now sweep across the 
wires in the opposite direction 
and set up a reacting 6.m.f. which tends to keep the current 
in these wires from dying out. Thus the action of dying is 
* See Timbie’s “Elements of Electricity,” Art. 104^ 106. 



Fig. 166. An enlarged view of 
the wire ends Ai and Ai of 
Fig. 165. The arrow M shows 
the direction in whicdi the fidd 
about Ai sweeps acrosa Ai as 
it grows. This induces an 
eJXLf. which tends to send a 
ourrent OUT at Aa in opposi¬ 
tion to the aiiplied ejnJ. 
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also impeded, end it is easy to see that such reactions can 
greatly HinHnr an alternating current from flowing through 
a ooU even though the resistance is. almost zero. The 
action of the coii in Fig. 164 in a direct-current circuit is 
also explained. When a direct current has once reached a 
steady value it remains constant. Therefore, once a direct 
steady current established, the fleld also remains con¬ 
stant and no cutting of the lines takes place; thus no greater 
hindrance is offered to the flow of the direct current than 
the resistance which the wire affords. But we might expect 
that it would be difficult to start even a direct current 

flowing, and such is the 
fact. Fig. 167 shows a 
curve plotted from data 
•taken to investigate the 
time required to get a direct 
current up to its full value, 
the circuit being highly 
In Booimdi ma^etic. The ooil had a 

Fig. 167. A curve Bhowisg the time resistance of 11 ohznSi and 
taken by a direct current to rise to was put across 110 volts, 
ite value in a highly inductive current. Note that 

0.9 second elapsed after the 
circuit was closed, before the current reached its normal 
value of 10 amperes. The inductive property of the circuit 
opposed its growth by setting up a counter e.m.f. 

The opposition to the decrease of a current in an inductive 
circuit is seen in the flash which takes place when the field 
switch of a large generator is opened. This arc is so de¬ 
structive to the copper blades of the switch that special 
switches are put in a fleld circuit which reduce the current 
gradually, not instantaneously. One of these field discharge 
switches is shown in Fig. 168. When the blades B are with¬ 
drawn from the clips, it does not disconnect the power from 
the field which is across the upper clips, because the spring 
blades S8 are still held in the clips by their friction. When 
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the blades are withdrawn from clips B, the blade X comes in 
contact with the clip F. This connects a resistance across 
the field terminals because a resistance B is connected across 




Fig. 168. A Tmmbull-Vanderpoel field-disoharge switch. 


Y and B 2 as shown. As the handle is pulled farther down, 
the spring blades SS fly out and disconnect the power from 
the field and the resistance B. But before the spring blades 
disengage from the upper clips, the blade X makes contact 
with the lo^^er clip F. Thus the field is never opened. It 
is merely connected to a resistance, and the power is then 
disconnected. The e.m.f. induced in the field coils by the 
dying magnetic flux produces a current through this resist¬ 
ance; thus the energy stored up in^the magnetic field, when 
the current was compeUed to increase against the induced 
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Goimter e.m.fnow reappears as heat in this resistance instead 
of an arc at the clips of the switch. 

There is a greater damage likely to be done than the burn¬ 
ing of the switch contacts when the field current is suddenly 
stopped. The dying lines of the magnetic field sometimes 
sweep in such great numbers and so rapidly across the wires 



Fig. IBQ. A Qeneral Eleotrio oil switdi. The oil in the case 
(shown in position in ri^t-hand view) smothers the aro formed 
between pointa A and n as the switoh is opened. 

in the coils^ and so high a voltage is thereby set up, that it 
punctures tiie insulation and puts the field coils out of service. 
The special switch shown above prevents this by introducing 
a large resistance into the field which allows the field current 
to die out slowly, and so a smaller e.m.f. is induced. De- 
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Btnictive arcing is also prevented on circuits which have 
large inductive properties; by means of oil switches such as 
shown in Fig. 169. This represents a 3-pole switch; the 
breaJc occurring at the points between A and 'These 
points are immersed in oil which is held by the case—here 
showh lowered in order to make the construction clear. 
The oil sniothers the arc and saves the contact points from 
being fused or roughened. 

In some cases very effective use is made of this counter 
e.mi. which is set up; to cut down the currents which 



Fig. 170. A General Electric ourrent-limiting reactance ooiL The 
reactance offered by this coil to any sudden growth of current keeps 
down the amount of current which can flow through the generator to 
which it is connected; when a short circuit occurs. 

would flow in an a-c. generator or transformer if the line 
wires were suddenly short-circuited. A large coil (Fig. 
170) with cement core is placed in series with each lead 
close to the terminals of the machine. This coil offers but 
slight counter e.m.f. to the normal current because of the 
non-magnetic core and the comparatively few turns in the 
winding. But when a short circuit occurs and the current 
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begms to increase at a tremendous rate^ the turns are cut so 
quickly by the rapidly growing field that enough counter 
ejni. is induced to choke back the current to such an ex¬ 
tent as to prevent any destructive stress upon the machinei 
and to permit the comparatively slow-actmg circuit-breaker 
to disconnect the naachine from the circuit. 

47. Lenz’ Law. Enough has been shown concerning 
the effects of a strong magnetic fidd upon the electric cir- 
Guit within it, to bring out the law which was first stated by 
Lena and is called law. It states in part that: 

While any change is being made in fhe magnetic field of an 
electric circuit, an ejni. is induced which opposes the change. 

Thus we have seen that when a current was growing, and 
in so doing was setting up a magnetic field, an e.m.f. was 
induced in the opposite direction, so that it opposed this 
growth of the current and of the magnetic field. If the 
growing current had set up no magnetic field there would 
^ve been no opposition to its growth. The whole reaction, 
or opposition, is due to the creation or the destruction of a 
magnetic fidd which cuts across the wires composing the 
circuit and so induces the reacting e.m.f. 

Since the magnetic field set up by an alternating current 
is continually changing, this induced counter e.m.f. is con¬ 
tinually acting and thus continually limits the current 
throu^out the system. 

48. Inductance. It is often necessary to be able to 
compute the reactance which such coils as we have described 
offer to the fiow of an altemating current. In takiTig up 
this computation it is well to start with the counter e.m.f. 
of which this reactance is a measure. When such a counter 
e.mi. is set up by these changes of current we say that the 
circuit is inductive, or contains inductance. Inductance may 
be defined, then, as that magnetic property of a circuit which 
causes it to oppose any diange in the current flowing. 

If there is no current flowing, the inductance opposes the 
start and growth of one. If a current is already flowing, 
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the inductance of a circuit opposes either any decrease or 
any increase of this current, tndnctance in an electrical i^ys- 
tem is very like inertia in a mechanical system, which 
opposes any change in the speed of a body. Thus, if we 
are standing in a rapidly moving car and the motoiman 
suddenly applies the brakes, we fed a strong tendency to go 
forward in the car and have to brace ouS* feet in order to 
remain standing. It is the inertia of our bodies which is urg¬ 
ing them to keep moving in the same direction and at the same 
rate while the feet are being retarded by the oar. The in¬ 
ertia of our bodies is thus opposiug the change of the speed 
at which they are moving just as the inductance of the elec¬ 
tric circuit opposes any change of current flowing. When we 
try to stop an electric current, the inductance of the circuit 
tfflids to keep it going. 

Similarly, when a oar suddenly starts up, we feel a strong 
tendency to take a step toward the back of the oar. This 
tendency is again due to the inertia of our bodies, which 
opposes the change in motion (that is, the speeding-up proc¬ 
ess), just as the inductance of an electric circuit opposes 
the start and growth of a current. 

In fact it is a universal law which apparently applies to 
all branches of science, that if we wish to make any changes 
we must overcome some force which tends to keq) things 
as they are. 

The force which tends to keep the current as it is in an 
electric drcuit is the counter e.m.f. which the inductance 
of the circuit sets up whenever the current changes. 

49. Unit of Inductance. The Henry. When a circuit 
has so much of this inductance that a coimter e.m.f. of one 
volt is set up when the current is changed at the rate of 1 
ampere per second, we say that the circuit has 1 henry of 
inductance. To have 2 henrys inductance, a circuit has to 
have strong enough field per ampere of current flowing, and 
enough turns of wire around that field, to set up 2 volts 
e.m.f. when the current is changed at the rate of 1 amp. per 
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sec., or 1 volt may be induced when the current changes at the 
rate of } ampere per second. The volIn thus set up are equal 
to the product of the inductance in henrys times the amperes 
change per second. 

We may write the equation 

Induced vdts == inductance X rate of change of current, 
or, 

Inductance (in hentya) => induced volts -s- rate of change of 
current (in amperes per second). 

The field coils of a 5-kw. generator may have from 10 to 
16 henrys inductance, so it is easily seen that the current 
must be decreased very aloiwly in order not to produce high 
enough e.mi. to puncture the windings. For, assume that 
the field coils of such a machine carry 2 amperes and that 
the switch was pulled so suddenly that the current dropped 
to zero in siv of a second. A change of 2 amperes in of 
a second would mean a change at the rate of 1000 amperes 
per second. With an inductance of 12 henrys in the oir> 
cuit, the e.mi. set up would equal 

Ihduotauce in henrys X amperes per sec. change 
= 12 X 1000 = 12,000 volts. 

Note the similarity between the equation for the reacting 
electiomoiive force due to Inductance, and the reacting 
mechanical force due to inertia. 


(1) The mechanical force =■ mass X rate of change in speed. 

(2) The electromotive force = inductance X rate of change 
in current. 

Equation (1) may be written 


where 


Ave. f = mXj> 

f B value of reacting force due to inertia; 
m = mass of the body; 

V = speed of the body; 

t = time required to change speed from 0 to v, or 
from V to 0. 
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Equation (2) may be written 

Ave. E == LX^, 

t 

where 

E = value of induced electromotive force due to iof 
ductance; 

L = inductance of the circuit; 

7m = TnftTiTniiTn value of cuiTent, in amperes; 
t = time required for current to change from 0 to 
In, or from to 0. 

tVom this equation Ave. E = LX we may find the 

t 

value of L in henrys for any circuit. 

Suppose we consider the inductance of a circuit in which 
there is an alternating current fiowing. Ihe current starts 
at 0 and rises to its Tnaximum value 7« in f seconds. There¬ 
fore the total change in current would be represented by the 

letter 7«, and the average rate of change by ^ (amperes per 
second). ^ 

Ave. E = • 

But we have seen that this reactive voltage which is set up 
in a coil is due to the magnetic field sweeping across the 
wires of the coil. In order to have one volt set up, the 
total cutting of lines per second must equal 100,000,000, 
or 10*. 

Thus 

Average e.m.f. induced in each turn of coil ™ ^ 

(3) Ave. E (for entire coil) = 

where 

4>m = total number of lines set up when the current 
rises from 0 to /«, amperes; 
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N a number of turns in the coil, all of which would 
be cut by all of this growing flux; 
t = time required for this flux to cut across the 
turns of the coil. 


We thus have the two equations 


(2) 

Avb.E=.L^; 

(3) 

Therefore 


(4) 

io«r 


Multiplying each tide by t (tince f is the same in both equa* 
tions, being the time required to pass from zero to maxi> 
mum value of I and <p), 


(5) 




10 *' 


But the general equation for magnetic flux in any circuit is: * 


( 6 ) 

where 

(7) 

and 

( 8 ) 




JIf 

B’ 


M= 1.26 NI 




I 

M 


Substituting (7) and 

(9) 

in which 


(8) in (6) we get 

, _ 1.26JVJ«M 

Vm = I I 

^ = Tnatiinuin total flux in coil at¬ 
tained when I B 


Substituting this value of ^ in Equation (5) we obtcun 


( 10 ) 




1.261V*7«M 
10*1 ’ 


* See Tnnbie’s "Elemeata of Eleotruuty,” Ait. 02 and 94 
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and diTiding both aidee b 7 /«, 


( 11 ) 

where 


T __ 1.26 

^ -f/\fl 7 ^ 


L = inductance in heDiys; 

N = number of turns in the coil; 

a permeability of the core (assumed for conven- 
ience to be constant); 

A a cross section of the core in sq. cm.; 

I =a length of the core in centimeters. 


Example L What is the inductance of a “choke” coil having 
400 turns, if the iron core is 60 centhnsters long and 300 sq. cm. 
section area? Assume it, = 1500. 

^ 1.26 

10>i ’ 

N - 400 turns; 
ti « 1500; 

A « 300 sq. cm.; 

2-60; 

1:26 X 400 X 400 X1500 X 300 
“ 10* X 60 

— 15.1 heniys. 


Example 2. Suppose the current in ^ above coil to change 
from 26 to 2 amperes in 3 seconds, what is the average value of the 
voltage induced? 


Ave. E 


\ tune to change / 



I 

t 


26-2 

3 


8 amp. per sec.; 


Ave. E 

-15.1X8 
- 120.8 volts. 


Example 8. If the above change had taken place in 0.004 of a 
second, what average voltage would have been induced in the coil? 
^ 26-2 

= 6000 amp. per sec. 


i 0.004 
Ave. E = Lx 6000 

- 15.1 X 6000 - 


' 90,600 volts. 
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Prob. 1-6. A OQil of 800 turns is wound on a .wrou^t-iron 
ring, the mean diameter of which is 15 cm., cross-section area 20 
sq. cm. Permeability of iron » 1200. What is the inductance of 
the coil? 

Prob. 2-6. A current of 30 amperes is flowing in coil of Problem 
1. If the current is reduced to 18 amperes, the decrease taking 
place in one-quarter second, what average voltage will be induced? 

Prob. 8-6. Compute the inductance of a coil 76 cm. long, 
4t cm. in diameter, containing 2000 turns. Air core. 

Prob. 4-6. A "choke” coil is formed by winding 200 turns on 
a ring consisting of annealed sheet iron, permeability ISOOj 60 cm. 
in circumference and 200 sq. cm. cross^ection area. What is the 
inductance of circuit? 

Prob. 6-6. It is observed that the field current of an a-c. 
generator requires 4 seconds to fall from its full value of 40 am¬ 
peres to aero when the field break-switch is opened. What average 
voltage is induced by the dying flux, if the inductance of the field 
winding is 10 henryB? 

Prob. 6-6. An electromagDet consisting of 12 colls of 200 turns 
each, wound in series on an iron core made of two half-rings butted 
together (mean radius of rings, 25 oentuneters and cross section of 
core, 78.6 square centimeters) had a self-inductance of 180 henrys 
when carrying a current of 45 amperes. Calculate what the per¬ 
meability of the iron must have been. 

Prob. 7-6. The primary winding of an induction coil, which is 
19 inches long and 8 inchhs in diameter, measured 0.145 ohm re- 
sistBJice and 0.013 henry inductance, while its secondary measured 
30,000 ohms and 2000 henrys. Assuming the reluctance of the 
magnetic circuit to have been the same when both measurements 
were made, calculate the ratio between the number of turns in 
primary and secondary windings. 

Prob. 2-6. The Adds of a certain shunt-wound direct-current 
dynamo having a rated output of 36 amperes at 100 volts have a 
resistance of 44 ohms and a self-inductance of 13.6 henrys at a 
ATYiflU excitation; the armature of the same machine measures 
0.216 ohm resistance and 0.005 henry inductance, (a) Calcifiate 
what average voltage would be induced in the field winding if it 
were disconnected from the brudies m such manner ss to reduce 
the current to zero in one-half second. (6) Calculate also the 
maximum rate (amperes per second) at which the field current 
may be permitted to die away, to prevent the induced voltage 
from rising above 1000 volts. 
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60. laterlinkages versus Cutting of Magnetic Lines. 
There is another very oommozL method for oomputing the 
effect of changes in a magnetic field. Instead of consider¬ 
ing a number of lines of force as sweeping across the con¬ 
ductors and thus cutting them when the strength of the 
field is changed, it is customary to take account of the 
number of lines of force in the magnetic circuit which are 
linked into each loop of the electric circuit or vice versa. 
iElvery electric circuit must consist of at least one complete 
loop (out from and back to the source of power) and every 
magnetic line or tube of fiux must also form a complete 
loop. Thus, whenever we see that 
a magnetic line enters a loop of 
wire, or a wire enters a mag¬ 
netic circuit, we know that there 
must take place an interlinkage 


Fig. 172. Six lines of mag¬ 
netic fiux link five turns of 
the electric circuit. Thus 
thirty interlinkages are 
formed. 

of the two, HiTni1fl.r to the interlinkage of two links in a 
chain. Since such an interlinkage cannot be made without 
cutting either one circuit or the other, in order to interlink 
them, we take no thought of this actual cutting or how it is 
done, but merely count the number of interlinkages. Thus 
in Fig. 171 there is one interlinkage, there being one turn 
in the circuit and one force line. In Fig. 172, 6 lines of 
force are linked into 5 turns of an electric circuit. Each 
turn of circuit links with each of 6 lines of flux, or forms 
6 interlinkages. The 5 turns must, therefore, form 5X6, 
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or 30 interliokages. Note that the total outtiog is the same 
as the total interlinksges; for in order to link 6 lines of force 
into 5 turns of wire there must be 30 cuttings. Thus, if we 
can produce 100,000,000 interlinkages per second, it is the 
same as producing a cutting of 100,000,000 lines per second, 
and one volt e.m.f. is induced. The definition of one hemy 
inductance is, therefore, often ^ven as the inductance of that 
circuit in which a change of one ampere current produces 
a change of 10* interlinkages between the turns of the 
circuit and lines of magnetic flux. 

The equation for the computation of Inductance is ex¬ 
actly the same as by the method of considering the cut- 
iinp. The only difference is that the name “ diange of 
interlinkages ” rather than “ total lines of force cut is pven 
to the quantity 4N. We can then write the equation for 
induced em.f. as follows: 

n _„ _ change of interlinkages, per second 

Ave. nt = jQg 

“ io«f ■ 


This equation is identical with equation (3) on page 227. 
Note also that in the equation for the inductance of a coil 

^- Wi-' 


tince 

it can be written 


^ = I > 


L 


4>Jf _ 1 

10»I,“10»“ ’ 


where ^ = total fiux when amperes fiow. 

The inductance of any coil in henrys is thus seen to be 
merely the total number of interlinkages per ampere flowing 
in it, divided by 10^. This forms a very easy method of 
computing the inductance of the circuits in transformers, 
alternators and motors. 
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61> Inductance a Property of the Circuit. When we 
1 

examine the equation L =» 10 ^ l ~ ^ quan¬ 

tities which it contains {N, ix, A, and 1) refer to the electric 
and magnetic circuit. The physical characteristic named 
inductance, then, is a property of the drcuit^ not of the elec¬ 
tric current or voltage. It depends entirely upon the shape 
and sise of the circuit and upon the magnetic permeability 
of the surrounding medium. Another way of stating this 
might be: Inductance is not a material thing, but merely a 
term which expresses the result of a certain arrangement of 
wires, iron, air, etc., in an electric circuit. If the medium 
consists of iron, which has a high permeability, and the cir¬ 
cuit consists of a coil of wire, producing many interlinkages, 
the inductance of the circuit is great. On the other hand, 
if the circuit consists of a short straight wire strung in the 
air, which has low permeability, producing few interliokages, 
the inductance of the circuit will be extremely^ small. The 
current, voltage, power, etc., have nothing to do with the 
amount of inductance of ‘the circuit, though these are greatly 
affected by the inductance in an altemating-cuirent circuit. 

62. Inductance of Transmission Lines. While the in¬ 
ductance of a short transmission line is small, it becomes 
sufficiently large in long lines to produce appreciable and 
sometimes large effects. The following equation gives the 
value of the self-inductance of one mile of one wire (either 
outgoing or return) in any system of non-maghetic wires 
strung in the air.* In polyphase systems the quantity S 
is to be measured between the two wires strung nearest each 
other. 

L» = .000741 logio ( 2 . 668 1 j 

8 — distance between centers of wires, in inches; 

d “ diameter of wire, in inches. 

* From Still’s " Overhead Electric Pov^er TraPBrnission.” 
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Prob. Compute the inductanoe of a lOQ-mile aeriid line 
oonaisting of two copper wires 20 inches apart, each No. 6 B. & S. 

Prob. 10-6. What average voltage would be induced between 
the tenninals of the line in Prob. 9-5, if the current changed from 
-|-20 amperes to —20 amperes in of a second. 

Prob. 11-6. There were 345 ft. of No. 12 wire, in 730 turns, 
used to wind the iron ring of !Eig. 164. Assuming 1800 as the per¬ 
meability of the iron, calculate the inductance of the cdrouit. 

Prob. ia-6. When the same wire as in Fig. 164 was wound on 
the wooden core of Yig. 163, what was the inductance of the circuit? 

Prob. 18-6. What would be the inductance of a single-phase 
transmission, or ''line and return,” composed of the flame wire used 
on ring in Fig. 164. Assume wires to strung 30 inches apart. 

Prob. 14t-6. Calculate the inductance per mile of wire (or per 
half mile of two-wire single-phase transmission line) for No. 6 
B. & S. gauge solid copper wire spaced 10, 20, 30,40 and 50 inches 
between centers. Ccmpare these results with those given in 
Table DI, Appendix, Second Course. 

Prob. 16-6. From the formula given, calculate the inductance 
per mile of drouit (2 miles of wire), using No. 6 solid wires placed 
as dosely together as possible. The diameter of No. 6 bare is 162 
mils and the outside diameter, when rubber-insulated according to 
National Electric Code for 0 to 600 volts with double braid cover¬ 
ing, is 387 mils. 

Prob. lB-6. From the formula given, calculate the inductance 
per mile of wire mile of sm^e-phase line), for wires spaced 24 
inchea between centers, using sues No. 6, 2, 00 and 0000 B. & S. 
gauge stranded copper cable. 

The self-inductance of a line wire is formed by the mag- 
neftic flux which surrounds it, or which is linked with it. 
Fig. 173 represents by the heavy lines the flux around the 
wire A when a current is flowing in, and by the light lines 
the flux around any return wire such as in which the 
current would be of the same value, but in the opposite 
direction, or out. Note how all the lines interlinking A, 
which extend beyond B are counteracted by the fleld around 
B. Also the lines around B which extend beyond A are 
counteracted by the interlinking lines of A. The farther 
apart the wire A and its “ return ” B are, the less interference 
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there is, aad therefore, the greater the number of interlini:- 
&>ges POT ampere, or the greater the inductance. On inspec¬ 
tion, of the above formula we see that the farthOT apart the 
wires are the greater the inductance of each siogle line wire. 



178. That part of the maguetio held of the wire A wMoh extends 
beyond the wire B weedcens the held there, because it opposes the 
direction of the Md around B. Also that part of the held of B which 
overlaps A weakens -the held at that point. 

This is in accord with the reason for the usual method of 
winding a non-inductive coU. The method consists of wind¬ 
ing the circuit so that the outgoing and return wires are laid 
very close to each other. It is done by winding the wire in 
such a way that the current goes through half the turns of 
the coU in one direction and then reverses and goes through 
the other half of the turns, which are laid as closely as pos¬ 
sible to the first half. The field around one wire being in the 
direction opposite to the field around the one lying next to 
it, is almost completely neutralized. 

For the same reason, we never lay in an iron conduit a 
single wire carrying an alternating current, but always install 
both of the line wires of a single-phase transmission system 
in the same conduit. The current in one wire always being 
in the direction opposite to the current in the other, the 
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magiiBtio fidlds arotuid thoni OButralizo OMh other in i^te 
of ihe wAftTTifWH of the iron and the oonsequent large value 
for ft. Similuly, all the line 'wirea in any polyphaae aystem 
must be put into the aanift iron conduit, whenever iron con¬ 
duits or protective aheathinga are used. 

68 . Computation of Reactance. It has been shown that 
some a-c. drouita contain ao little resistance that practio^y 
the only oppodtion which the impreased e.m.f. has to over¬ 
come when producing a current is the counter e.m J. set up 
by the inductance of the circuit. When such a circuit ex¬ 
ists, it must be true that this counter e.m.f. set up is practi¬ 
cally equal to the impreased e.m.f., since the impressed 
e.m.f. continues to send greater and greater current through 
the circuit (there bemg practically no resistance to limit it), 
until the counter e jni. set up by the resulting magnetic dis* 
turbance becomes practically equal to the impreased voltage. 
Then equilibrium is reached; the current ceases to increase 
and its effective value renuuns unchanged. 

If E represents the effective value of the impressed volt¬ 
age in a circuit possessing inductance, but zero resistance, 
the effective value of the induced counter voltage can thus 
also be represented by E. But we have seen that the aver^ 
age value of this counter e.m,f. equals the inductance times 
the rate of change of the current, or in symbols 

A.y.E = L^, 

where 

L = inductance in henrys; 

s maximuTTi value of current, in amperes; 
t => time required to change from 0 to amperes, 
(one-quarter period). 

The average rate of change of an alternating current de¬ 
pends upon the maximum value (J.) which the current 
attains and the time (t) required to attain it. By reference 
to the currant curve. Fig. 174, we see that the current makes 
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the change from zero to maximum, or vice versa, four times 
during each (^cle. During the part of the curve marked: 

(1) it rises from zero to maxirruun poititive value Iml 

(2) it falls from mRYiimiTn to zero; 

(3) it rises from zero to TnaTimiiTn negative value —/«•; 

(4) it falls from negative maximtim value to zero again. 
Accordingly, if 

f = the nunaber of oydes per second, 
then 4/ = number of changes of current per second 



Fla. 174. The Bine-wave of oorient. Note that it (dianges betweao 
the values of 0 end Im four times during one oyole. 

Therefore, if the current changes 4/ times each second 
between the values 0 and amperes, it must change at an 

average rate of or 4/7« amperes per second. That is, 

if the frequency is 60 cycles per second, and the maximum 
current 5 amperes, the current makes a 5-ampere change 
(4 X 60), or 240 times a secondj which is at the same rate 
as 1200 amperes once every second. Here 4/1., per second 
= 4 X 60 X 6 = 1200 amp. per sec. 

The average voltage induced by the change of current 
equals the inductance times this average rate of change. 

Thus Av. E = Lx ifim- 

But if the voltage curve has the sine form 
E„ = 1.57 X av.S. 
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Therefore, 

= 1.67 (L X 4/rj 
- 6.28/LZ« 

= 2rfU^. 

The inductive reactance of a circuit has been defined as 
the ratio of the volts applied, to the amperes produced, in a 
circuit where the opposition to the current is due to in- 
ductanoe only (that is, no resistance and no condenser 
effects). Thus 

ZaffeatiT« Ifnfy/i Z« 

when ejn.f. and current both vary according to sine law. 
But the applied e.mi. is exactly equaled by the counter 
e.mi. set up in the circuit which equals 2irfLIm‘, therefore, 

V _ 2llfljltn 
“ T ’ 

or JT = ZufLf 

where 

X = inductive reactance, in ohnos; 

/ = frequency, in cycles per sec; 

L « inductance, in henrys. 

This is the regular equation for inductive reactance. In 
fact, many prefer to represent the value of inductance by 
the ^ression (2^I>) rather than the symbol X. 

Example 4. One of the mnallHr sizes of reactance coils similar to 
Eig. 170 has an inductance of 0.13 henry and ne^igible resistance. 
What current flows when a 26-cycle generator maintaining 11,000 
volts between its terminals is tiiort-circuited through this coil? 

-2X3.14X26X0.13 

— 20.4 ohms. 

S 

"z 
11,000 
20.4 

— 639 amperes. 


I 
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Thn effect of increasing the frequencyi with its accompanying inr 
creased rate of change of current, upontiie reactance of a circuit, is 
atrikin^jy illustirated in the use of choke coils/' such as shown in 
Fig. 176a and b, to protect the generatiog station or receiving circuit 
from the effects of line disturbances caused by lightning. (See Chap¬ 
ter IV, Second Course.) The passage of 
a lightning discharge from cloud to doud 
or from clouds to earth causes a quantity 
of electricity to flow or surge rapidly from 
one part of the circuit to another, pro- 
^ ducing very large currents of short dura¬ 
tion and setting up rapid oscillations, 

the frequency of which may run into Fia. 175a. Qeneral ELeG- 
the millions. Coils C, like those shown trio choke coil for use 

in Fig. 175a and b, are placed in series on a 6600-volt line, 

between line and generators or between 

line and load, and the line connected to earth throu^ an air gap 0 
near the coil, as shown in Fig. 175c. When the current attempts to 
rise rapidly through coils C, a proportionally hi^ counter e.m.f. is 
induced in them by their s^-inductanoe, and the surging current 
finds it easier to jump to earth across the air-gaps 0, than to pass 



Fio. 175b. General Electric hour-glass choke coil, 35,000 volts. 

through C and dissipate its energy destructively upon the machin¬ 
ery. Thus, a coil having an inductance of 0.02 henry may produce 
a sufficient counter e.m.f. to discharge the line to earth through an 
air gap which it requires 10,000 volts to break down. If the “ wave 
front” of the current had been of a steepness representing a rise of 
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one ampere per Beoond, 0.02 vdt would be induced; but once 
10,000 volts are actually induced, the rate of increase of current 
10 000 

must have been or 600,000 amperes per second. Thereact- 

ance of such a coil at an ordinary commercial frequency of 60 
cycles per second would be 2 •nfL ■= 0.28 X 60 X 0.02 — 7.64 ohms, 
so that if the normal line current and pressure are 10 amperes and 
13,000 volts, respectivdy, the normal drop of 10 X 7.64, or 76.4 
veto in this reactance does not serioudy affect the operation of 
the line. 



Fig. 176o. The choke coils C are placed in the line to choke back any 
sudden rise in current and cause any excess charge of electricity to 
discharge across the air-gaps to die ground. 

Prob. 17-6. The generator of Example 4 is S-phase, of 720 
kv-a. rated capacity. How many times the normd ourrent 
through each coil is the short-circuit current? 

Prob. 18-6. If the frequency of the generator in Example 4 had 
been 60 oydes, what ourrent w^d have flowed through the coil? 

Prob. 16-5. How many times the normal current would the 
short-circuit current through the coil be if the generator of Prob. 18 
were rated as a 3-phaso 720 kv-a.? 

Prob. 20^. What would be the reactance of the coil in Ilg. 

163 when on a 60-cycl6 oircuit? 

Prob. 81-6. (a) What reactance would the coil of ¥ig. 164 have 
on a GOKjyde circuit? 

(6) On a 26-cyGle oirouit? 

Prob. 22-6. What reactance would the wire in the coil of Pig. 

164 have, if used as a single-phase “line and return^ strung 30 
inches apart, and operated at 60 cycles? 

Prob. 28-6. What current will 110 volts at 60 cycles force 
through the coil in Fig. 163? Neglect the resistance. 


I 
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Prob. Si-6. What ouirent will 110 volts at 60 cyoles foroe 
throQgli coU in Fig. 164? Ne^eot the resistanoe. 

Prob. S6-6. If 110 vdts, 25 cycles were used across the coil of 
Fig. 164, what cuirent would be forced throu^ it? Neglect the 
resistance. 

64. Phase Difference between Current and E.M in 
an Inductive Circuit. Having taken up the method of 
computing reactance and the equation by which we may 
find the current in a circuit containing reactance only, we 
must now consider what phase relation this current bears 
to the voltage produGing it. 

We have cJready seen that the current must lag behind 
the voltage, because we learned that inductance tends to 
choke back the current and to hinder it from reaching its 
marimum value until some time has elapsed after the full 
or maximum voltage was impressed on a circuit. Fig. 167 
showed that in one particular case, when a direct voltage 
was impressed on such a circuit, the current took 0.9 second 
to come up to its full value. Similarly, on breaking a circuit, 
instead of the current ceasing instantiiy, we have seen that it 
persists to such an extent that it even flashes across a long 
air gap. It is thus late in growing to full value and late in 
dying to zero. Similarly, in an alternating-current circuit, 
where the voltage is rapidly reversing its direction^ the 
current changes always lag behind the changes of impressed 
voltage which produce them. 

Let us now see how many electrical degrees this lag of 
current may amount to. We know that the induced coun¬ 
ter-voltage in such a circuit depends upon the rate of change 
of the current (amperes per second), which causes the mag¬ 
netic field to cut the turns of the . coil. * When the current is 
steady, as in a direct-current circuit, there is no counter 
e.m.f. and the resistance alone keeps the current down. 
In an alternating-current circuit there are two instants when 
the current has an unchanging value; one, when it has 
reached its maximum positive value and the other when it 
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has reached its Tnaximum negative value. In Fig. 176 these 
points are marked respectively +I and —/ on the current 
curve. At these two instants of steady current, the in¬ 
duced voltage mtist be zero. Note that the induced voltage, 
shown by dash line, has zero value at these two instants 
when the current ctirve is at its maximum or steady values. 



Feq. 176. Curve Em --Em represeats the voltage impressed aoross 
a coil possesaiug induotauce only. Curve — F'm + E'm represents 
the counter e.m.f. set up in this coil by the flow of the alternating 
current + Im ^ /■». Note that the current curve lags 90** behind 
the impressed voltage curve. 

The TTiftTiTmim value of the current, of course, is reached 90 
dectrical degrees before or after its zero value. Therefore, 
if the zero value of the induced voltage comes when the cur¬ 
rent is at its mn-Yimum, it must come 90° before or after the 
zero value of the current. Similarly, the maximum value of 
the induced voltage fhust take place at the instant when the 
current is changing most rapidly. By inspecting again the 
current curve I of Pig. 176, we see that the curve is steepest 
and is, therefore, changing in value at the greatest rate just as 
it is chan^ng from a positive to a negative value or vice 
versa; that is, as it is passing in either direction through its 
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zero value. The induced voltage, then, has its two mpjrimuTn 
values at the two instants when the current is passing 
through its two zero values. Here again we see that the 
induced voltage differs in phase with the ouirent by 90®. 

Referring to Mg. 176, we see that it is possible to draw 
two curves, E' (dotted) and E (full line), both of which have 
the proper mathematical phase relation to the current curve 
to enable them to represent the induced counter voltage; 
that is, both are 90® out of phase with the curve 7. The 
circuit has negligibly small resistance, therefore, the counter 
e.mi. due to ^-inductance is the only opposition encoun¬ 
tered by the . current. Hence the impressed voltage, which 
produces the current, must be at every iostant equal in 
value and opposite in direction to the induced ejn.f. If 
curve E' represents induced voltage due to self-induction, 
curve E must represent the applied voltage, and vice versa. 
But we have already seen that the current lags behind the 
voltage which is applied to the circuit to produce it; tti^e- 
fore, curve E must represent the applied voltage, since it is 
the one that leads the current; and curve E' consequently 
represents the counter e.m.f. of self-induction. If we follow 
through a cycle of changes, we readily see that E' really 
opposes the change of I at every instant; while 7 is in posi¬ 
tive direction, is in the opposite or negative direction; 
while 7 is decreasing in value, E' is increasing in value, and 
BO forth. In moat electrical problems we are interested 
principally in the applied voltage E and the current 7 which 
it produces in the circuit, and the counter e.m.f. E', though 
always present, is seldom represented or considered in our 
curves and vector diagrams. 

Mg. 176 shows the impressed voltage curve E opposite, or 
at an angle of 180®, to the induced voltage curve E\ Mg. 
176a shows the vector E of the inapressed voltage drawn 
in the opposite direction, or at 180® to E\ the vector of the 
induced voltage. It shows also the current vector 7 90° 
out of phase with W and E, and drawn so that it lags be- 
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hind E] it therefore leads J5'by 90°. Here it is very plain 
that the induced e.m.f. is called a counter ejn.f. because it 


acts in a direction opposite to the impressed e.m.f. which 
produces the current. We usually say that the current lags 

90° in a dromt containing induct¬ 
ance only, meaning that that is 
its phase relation to the e.mi. 
impressed upon the circuit. 



Fig. 17Ca. The vector diar 
gram for the oonditiona of 
Fig. 176. Note that E^ is 
opposite in direction to B 
and that 1 lags 90** behind 
J?, just as in' Fig. 176. 



Fia. 177. Vector diagram blowing 
legging 00^ behind E which ie 
at its 140^ position. 


Example 6. In an altemating-ourrent circuit containing 40 nhmB 
inductive reactance (no resistance or capaoity)| the effective volt¬ 
age is 220 volts. 

(a) What is the effective current? 

(h) What is the TnuTiTniinn current? 

(c) What is the current 140° after the voltage passes its zero 
value? 


Solution. Effective current' 


or 

(a) 

and 


(&) 


effective voltage 
reactance 


1 ^ 

^ " 40 ’ 


‘-k 

I 5.6 ampexee effeotiTB eurreat 


/«- 


0.7077,, 

I 

0,707 

6:6 


0.707 

Maximum ouneat >■ 7.8 amperes- 


7.8amperas. 
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Draw vector aa in Eig. 177f when e.ini. is at 140^ phase; then, by 
the equation, 

i-/,sm(14O®-0O®) 

= 7.8flm(14O®-0O®) 

-7.8 sin 60** 

- 6.97 amperes. 


Prob. S8~6. The average voltage in an altemating-ourrent 
circuit, containing 25 ohms inductive reactance only, is 600 volts. 
Ehid: 

(а) Effective current. 

(б) Instantaneous value of voltage when current is +16 am¬ 
peres ftTiH increasing. 

Prob. 27-^. The marimum value of the current in an alter-> 
nating-current circuit containing inductance only is 52 amperes. 
The average value of the voltage is 220 volts. WiSkt is the induc¬ 
tive reactance? 

Prob. 28-6. In Prob. 27, what will be the instantaneous value oi 
the e.nLf. when the current is + 12 amperes and inGreasing? 

Prob. 29-6. What effective voltage is required to force a cuiv 
rent, whose mammum value is 20 amperes, through 18 ohms of 
inductive reactance? 

Prob. 80-6. What instantaneous values may the voltage of 
Prob. 20 have when the current has a value of 8 amperes? 

Prob. 81-6. In an alternating-current circuit containing induo- 
tive reactance only, the voltage is 1100 and current 46 amperes. 
What is the instantaneous value of the current when the vdtage 
is —300 volts and decreasing? 

66 . Combined Resistance and Inductive Reactance. In 
the circuits which we have considered thus far, the imped¬ 
ance offered to the flow of an alternating current oonsifited 
entirely of reactance, the resistance in each case being too 
small to be taken into account. 

But aside from such apparatus as current-limiting re¬ 
actance coils and choke coils for use with lightning arresters, 
the drouits of most electrical devices offer an impedance 
which is made up of reactance and an appreciable amount 
of redstance. The impedance of such a drouit is thus a 
combination of resistance and reactance. 
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Let us assume a series drouit as in Fig. 178^ in which R 
represents a resistance of 3 ohinsi and X, an inductive 
r^ictance of 4 ohms. (Note the coil, used to represent an 



Fig. 178. Diagram of a oircmt contaiiiiiig a series oombinatum cf 
reactance X and resistance R. 

inductiye reactance in order to distinguish it from the zig¬ 
zag line representing resistance.) Let us assume 10 amperes 
to flow in the circuit. The voltage across the reactance X 



Feg. 17Q. Vector diagram of the voltage relations in the circuit of 
Fig. 178. Note that Es, the voltage across the reactance leads Sr, 
the voltage across the resistance by 90°. 

equals 4X10, or 40 volts; across R the voltage equals 3X10, 
or 30 volts. But the voltage across an inductive reactance 
is always 90° ahead of the current. Thus, in Fig. 179, the 
vector Ez, which represents the 40 volts across the reactance, 
is drawn 90° ahead of the vector I, which represents the 
current through the circuit. 
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The voltage acroes the redatajice is in phase with the 
current. In any cdrcuiti or any part of a circuit, which pro¬ 
duces appireciably no magnetic or electric field-of-force around 
itself, when current flows, but ix)Bsesses only resistance which 
causes all of the poWer Applied to it to be changed into heat 
and none of it to be stored up or returned to other parts of 
the circuit, the current is at every instant exactly propor¬ 
tional to the instantaneous value of e.m.f. across that part 
of the drcuit. Therefore, the current reaches its Tnaximum 
value at the same instant the e.m.f. reaches its TnaxiinuTn 
value in the same direction, and the current is zero at the 
same instant the e.m.f. is zero. That is, the e.mi. across 
a non-inductive circuit or part of a circuit, which has re¬ 
sistance only, is exactly in phase with the current through 
that part of the circuit. Accordin^y, the vector Er, repre¬ 
senting the 30 volts across the resistance, is drawn along the 
current line I to show that it is in phase with the current. 
The resultant voltage across these two in series would then 
be Ez, the diagonal of a parallelogram drawn on Er and 
Ez as adjacent sides. 

The value of the resultant voltage Ez can be found from 
the following equation, since this diagonal is also the hy- 
pothenuse of a right-angled trian^e. 

Ez = y/E^z “h E^b 
= V40* + 30» 

= V2600 

== 60 volts. 

Knowing the pressure, 60 volts, across the series combina¬ 
tion and the current through the series combination, we 
can now And the impedance. 

Impedance (of 22 and X combined) 

_ volts (across combination) 

” current (through combination) * 



= 6 ohms. 


or 
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The resulting impedance of a resistance of 3 ohms and an 
inductive reactance of -4 ohms is thus seen to be but 6 ohms, 
which is neither the arithmetical sum of nor the difference 
between the resistance and the reactance. 

The impedance of a series combination is not usually found 
by the above method, although the'procedure used is really 
baaed on it. Instead of drawing a vector diAfrrii.m of the 
voltages, it is customary to draw a so-called vector Hiagram 
of the resistance, reactance and Impedance as in Fig. 180. 



Eio. 180. Veotor diagram of the reeLstance, reaotaaoe and impedance 
of the oirouit of Fig. 178. 

First, draw a vector I representing the current. The re¬ 
sistance 22 is then drawn in phase with' the current. The 
reactance X is drawn leading the current by 00°. The im¬ 
pedance Z is then the diagonal of a parallelogram of which 
X and 22 are adjacent tides. Of course, strictly speaking, a 
vector diagram of resistance, reactance and impedance can¬ 
not be drawn, because resistance, reactance and impedance 
have really no direction, such as current and voltage have. 
It makes no difference which ends of the resistance and of 
the reactance coUs ore connected together, the impedance of 
the combination is the same. We have seen, however, what 
a difference is made in the resulting e.m.f, and the current by 
the reversal of the connections between coils carrying alter¬ 
nating e.m.f.’s or currents. By reverting the connections of 
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a coil, the ejui. is made to act in the opposite direotion, and 
its vector is turned through 180°. No such effect is pro¬ 
duced ia the resistance, reactance or mipedance of a coil 
merely reverang its connection. 

The vector diagrani of these quantities, however, is usu¬ 
ally explained and justified as follows: 

The resistance vector B in Fig. 180 is really the voltage 
vector Eb of Fig. 179, divided by the current (30 volts -i-10 
amp. = 3 ohms); and the reactance vector X is really the 
voltage vector Ex of Fig. 179 divided by the current (40 volts 

10 amp. = 4 ohms). The resultant impedance vector 
Z of Fig. 180 is the resulting voltage vector Ez of Fig. 179, 
divided by tiie current (60 volts ^ 10 amp. = 5 ohms). 

The vector diagram in Fig. 180 of resistance, reactance, 
and impedance is, then, really a condensed vector diagram 
of e.m.f.'B which have been divided by a common factor, 
the current. 

From the diagram in Fig. 180, it is seen that 

The square of the impedance equals the sum of the squares 
of the reactance and the resistance. 

The equation for imi)edanoe is written 

Z^VW+T*. 

Note also from both Fig. 179 and 180 that the an^e 9° is the 
anj^e between the resultant or total voltage and the current, 
tince the current must be in phase with Er. The value of 0 
can be found as follows: 

In Fig. 179, the side (a) of the parallelogram must equal 
Ex. Observe that 


o Et 
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In Fig. 180, the side (a) of the paralldogram equals the 


side X. Observe that 

taintf 


o X 
B 


= I = 1.33, 
fl = 63“. . 


Observe that the an^e .of phase difference between the 
voltage and current in a aeries combination can be found 
from either of the two equations 

Ex 
Eb 
X 
B 


or 


tanfl = :^, 




The resistance and reactance of a coil are, of course, con¬ 
tained in the same wire, but since the same current is sent 
through the coil against each, the redstance and reactance 
of such a coil are treated as being in series. This is in accord 
with the definition of a series circuit as one in which the 
same ouirent flows in all parts. 


O ohnu SOofaau 

-vwwvs/-- 

R X 

Fig. 181. Fart of an deotrio circuit possessing a jesistance of 52 ohms 
and a reactance of 20 ohms. 

In solving problems on impedance, it is always best to 
draw a diagram of the electrical connections and the vector 
diagram. Sine ciirves are also often a great help. 

Example 6. What is the impedance of a coil having 52 ohms 
resistance and 20 ohms inductive reactance, when used in a 60- 
cycle circuit? 

Draw the diagram of electrical coimectians as in Fig. ISl. Con¬ 
struct the vector diagram as in Ilg. 182. From vector diagram, 
write the equation 

Z-Vji + JP 

- Vmp + w 

= vlioi 

* 56.7 ohms. 
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Example 7. What will be the phase differeodce bet¥7e6a' the 
current and the voltage across the coil of Example 6? 

The vector of resultant voltage 
across the coil must lie idong l^e 
line Z, representing the total im- a 
pedance in Eig. 182. Similarly, 
the vector representing the com¬ 
ponent of voltage used to over¬ 
come resistance must lie along Fig. 182. Vector diAgram of the 
the line E and be in phase with r^istanoe, reactance and imped- 
the current through the coiL ance of the pact of an electric 

Thus 6 must represent the an^ drcuit shown in Fig. 181. 

of phase difference between the 
voltage and current, whatever the value of these may be. 

taa^-H = 0.386, 

e - 21 “. 

Prob. 82-6. What is the impedance of the coil in 163 
when on a 60-oycle circuit? 

Prob. 83-6. What current must flow when the coil in Fig. 163 
is placed across 11 volts, 60 cydes? 

Prob. 84-6. If the coil in fig. 163 were placed across 11 volts, 
120 cycles, what current would flow through it? 

Prob. 86-6. What would be the impedance of a “line and 
return^ composed of the wire of coil in Jig. 163, strung 30 inches 
apart, if a 60-oyole frequency were used? 

Prob. 83-6. How much current would flow through a coil of 
0.08 henry inductance and 20 ohms resistance when 220 volts at 
60 cycles is applied across its terminals? 

Prob. 87-6. What would be the phase relation between the 
current and voltage in the coil of Prob. 36? 

66 . Power Consumed by Impedance. Since we can find 
the value of the angle d between the current and voltage 
across an impedance, we can also find the power-factor of 
the appliance. The x>ower-factor, it will be remembered, 
is the cosine of the angle B. Thus, in Fig. 179 and 180, 
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-But 


and 


Thus 

"h E^ 


. R 

or 



Szample 8. Und the power oonBUiiied by a coil having 16 ohms 
resistanoe and 20 ohixia reaotance on a 60-oyole circuit of 110 volts. 
Gonstmot connection diagram as in ^g. 183. 

Mobsu U ohnu 

-r—- vww— j — 

I X I 

-no Tdti- ^ 

!F1g. 183. Diagram of a ciroait posBeBsing reactance and resistBuoe. 


Draw impedance diagram as per Fig. 184. 



gram of the circuit of 
Fig. 183| poaseesiiig 


Vl 6 * + 20 * 

B 25 ohms. 

The current can then be found by the equa¬ 
tion, 



B 4.4 amp. 

C085=^- 

P - 4.4 X 110 X W 
B 200 watts. 


reactance and TefflBt- 

QQOQ, Note that no power is consumed in forc¬ 

ing this current againfit the reactance of the 
ocdl, since that part of the voltage used to overcome the reactance 
is at 90^ to the current. This is further shown by finding the power 
used in forcing the current through the resistanoe, and noting that 
this is all the power consumed by the coil. 


P=PB 

- 4.4? X16 

— 290 watts. 
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Note that the power oonflumed by the resistance as computed in 
this way is the total power consumed by the coil as computed by 
the equation for the coil, 

P = lEocsB, 

Prob. 86-6. What power is consumed in a dromt oontaining 
18 ohms impedance? Voltage » no vdlts. Power-factor » 90 
per cent. 

Prob. 86-6. How many ohms reactance and how many ohms 
resistance are there in the circuit of Prob. 38^? 

Prob. 40-6. What is the power-factor in a circuit which con¬ 
tains 20 ohms resistance and 14 ohms reactance? 

Prob. 41-6. What power is consumed in circuit in Prob. 40, if 
the voltage is 220 volls? 

Prob. 42-8. How many amperes reactive component of cur¬ 
rent are there in Prob. 41? 

Prob. 48-6. A 110-volt BO-cyde circuit contains 20 ohms re¬ 
sistance, only. 

(a) What current flows? 

What power is consumed? 

Prob. 44-6. How much would the current in Prob. 43 be re¬ 
duced to, if a coil of negligible resistance and 0.2 henry inductance 
were placed in series with the 20 ohm resistance? 

Prob. 46-6. What power would be consumed by the circuit in 
Prob. 44? 

Prob. 46-6. A coil of 0.015 henry inductance and 4 ohms re¬ 
sistance is connected across 40-oyGle llO-volt mains. 

(o) What is the power-factor? 

Q>) What power is consumed by coil? 

67. Impedance in Series. The resistance of a series 
combination equals the arithmetical sum of the resistances 
of the parts. 

The Inductive reactance of a series combination of inductive 
reactances equals the sum of the inductive reactemoes of 
the separate parts. 

This is seen to be true if we consider that the same current 
would flow through the two when in series and that both 
resistance drops (or voltages required to overcome resist- 
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ance) would be in phase with the ouirent and, therefore, in 
phase with each other, and that both reactance drops lead 
the current by 90° and are, therefore, in phase with each other 
and 90° ahead of the redstanoe drops. 

—— 

X«»loli3iui X^lOfflnu 

Fiq. 185. The two reaotanoeB X and are in series. 


In construoting the impedance diagram, therefore, we 
would draw the two reactances on a line at right angles to 
the current vector. The resultant of these reactances would 
be merely the arithmetical sum, inasmuch as they lie along 
the same line in the same direction. Thus, the resultant of 


X 


il0 cihTtia 

obmi 


I- 


I 

I 

Flg. 180. Yeotor diagram of the reactanoes X and Xi ^own in Fig. 
185. Note that th^ both He along the flame line, 90^ ahead of the 
ourrent vector /. 

the two reactances 8 ohms and 10 ohms, joined as in Fig. 
185, eqTials the sum of the vectors X and Xi, or 18 ohms, 
in Fig. 186. Both vectors are drawn at right angles to the 
current vector 7, and leading it. 

The impedance of a series combination of resistances and 
inductive reactances equals the vector sum of the resistances 


INDUCTIVE REACTANCE 


25S 


2aBS 



R*8.0a 


aod reactances of the separate parts. This has been shown 
in the previous pages. 

The impedance of a series combination of impedances, 
each composed of resistance and inductive reactance, equals 
the vector sum of the separate re^ances and inductive 
reactances which combine to make up the impedances. This 
is self-evident from the previous discussions. 

Therefore, in order to find the impedance of such a com¬ 
bination we must know the reactance and resistance, or what is 
equivalent, the powei^factor and impedance, of each compo¬ 
nent part It is impossible to 
find the impedance of a circuit 
which contains, say, 8 ohms 
impedance (Z) in series with 10 
ohms impedance (Zi), unless we 
know how much resistance or re¬ 
actance each of the impedances 
contain, in order to be able to Feo. 187. The impedance Z is 
obtain the proper phase rel^ made up of B and X. The 
tions of one to the other. But 
jf we know that the 8-ohm im¬ 
pedance has a power-factor of 87 per oent and the lO-ohm 
impedance has a power-factor of 64 per cent, we know that 
the angle 9, Kg. 187, between Z, the impedance 8 ohms, and 
R the resistance part of this impedance must equal 30°, since 
0.87 must equal cos 6 and 0.87 is the cosine of 30°. From the 
diagram. Kg. 187, 

B>= ZoosB 
= 8 X 0.87 
E= 6.96 ohms; 

X = Zdn.9 
= 8 X 0.500 
= 4 ohms. 

The impedance Z, 8 ohms, is thus made up of 4 ohms re¬ 
actance and 6.94 ohms resistance. Similarly, by Kg. 188, 
we see that the 10-ohm impedance Zi is made up of Ri at 
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60° to Zi (suu^ 0.64 = cosine of 60°) and of Xi at right 
angles to Ri. From Fig. 188 

Bi = COB 60 ° 

- 10 X 0.64 
*= 6.4 ohms; 

■=* Zi sin 60° 

== 10 X 0.77 
» 7.7 ohms. 


The refflstanoe part of the resultant impedance, then, equals 
6.4 + 6.96, or 13.36 ohms, and is represented by the line 
U% in Fig. 180. The reactance part of the resultant equals 



made up of the reaiBtaaoe 
and the reactance X\, The 
between Zi and Ei » 60°, 
because this is the angle of 
which 0.64 is the cosine. 



Fig. 189. Zt is the resulting im¬ 
pedance of a series combination 
al Rf Bi, X and Xi, which are 
in themsdves mer^ component 
parts of impedances Z and Zi of 
Figs. 187 and 188. 


4 + 7.7, or 11.7 ohms, and is represented by the line Xi, 
drawn at 90° to the resistance line B%. Z|, the resulting im¬ 
pedance, equals the diagonal of the parallelogram drawn on 
these two aides. 



z.- Va»+Zi« 
= V178 + 137 
s. 17.7 ohma 
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The resultant impedance of the two impedances 8 and 10 
ohms, respectively, joined in series is therefore 17.7 ohms. 

The same result can be obtained by constructing a sin^e 
diagram as in Fig. 190, drawing Z at 30° to the current 



100. & is the reaultant impedance of the Beries combination of 
impedances Z and Zi. This figure is equivalent to Fig. 189. 

vecrtor, and Zi at 60° to the same vector. The angle between 
^ £Lnd Zi = 60° — 30° «= 20°. The value of Z 2 , the resultant, 
oaoa be found from the equation for the diagonal of a paral¬ 
lelogram. 

Z% = V!z* ^ Z^ -f- 2 ZZi cos 0 

« V 04 + 100 + 2 X 8 X 10 X 0.94 
— 17.7 ohms. 

Prob. 47-6. In testing the impedance of the different phases of a 
tibiree-phase automatic starter, it was found that the first phase 
lictd an impedance of 20 ohms, the second, 16 ohms, and the third, 
X3 ohms. If the power-factor of each phase is the some, what would 
be the impedance of a series combination of the first and second 
pba^ses? 

Prob. 48-6. If the power-facftoi of the first phase of the starter 
T-n Pxob. 47 were 0.80 and the power-factor of the third phase were 
O.S6, what would be the impedance of the series combination of 
tbe first and third phases of Prob. 47? 
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Pi'ob. 49-6. If the power-faotors of the phases of Prob. 48 
were \mknown, but the resigtance of the first and the third were 
found to be 16 obins each, what would be the impedance of a 
series oombination of the first and the third? 


68. Impedance of Parallel Combinations. When any 
number of appliances^ containing resistance, reactance or 
impedance Eire in parallel: 

First: Find the amperes per volt through each branch. 

Second: Add these currents, paying attention to their 
phase rdation to one another. This gives the current 
through the combination for 1 volt e.m.f. across the 
combination. 

Third: IMvide the 1 volt e.m.f. across the combination 
hy the current per volt through the combination. The 
result is the impedance of the combinationi regardless 
of how many or of what sort the branches are. 


Example 9. Find the impedance of the parallel combinatioii of 
Fig. 191. 

I^HAcduni 



Fig. 191. A paralld oombinatioa of impedanoeB, leoBtanoeB and 

TeMtanoea. 


First: 

Bnuudi 

J2 a 4 ohms 
Z=. 8 “ 
Z- 6 “ 
Zi-lO “ 


Amp. pa Wt Aagla betwMn opnait uid 

0.25 amp. la phase 

0.126 " 90“ lag 

0.20 " ar “ (0.80- 008 sn 

0.10 “ 60“ “ (0.60-COB 0O“) 
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Second: Constnict vector diagram, Fig. 192, to find sum ot. 
ourrents per volt through the combination. 



Fiq. 192. The vector diagram for the currents which one volt alternat¬ 
ing ejn.f. would send through the several parallel paths of Fig. 191. 

Component of 0.26 amp. current in phase with voltage 

= 0.26 Xoos 0®-0.25 Xl “0.26 
Component of 0.125 amp. current in phase with voltage 

= 0.126 X cos 90® = 0.126 X 0 “0.00 

Component of 0.20 amp. current in phase with voltage 

= 0.20 xoos37® = 0.20 X 0.80 = 0.16 
Component of 0.10 amp. current in phase with voltage 

= 0.10 X cos 60® = 0.10 X 0.60 = 0.06 
Total current in phase with voltage = 0.46 amp. 

Component of 0.26 amp. current lagging go® behind voltage 

= 0.26 X am 0® = 0.26 X 0 = 0.000 
Component of 0.125 amp. current lagging go® behind vdtage 

- 0.126 X sin 90® = 0.125 X 1 “ 0.126 
Component of 0.20 amp. current lagging go® behind voltage 

= 0.20 X sin 37® = 0.20 X 0.6 = 0.120 
Component of 0.10 amp. current la^;ing go® behind voltage 

= 0.10 X Bin 60® “0.10 X 0.866 = 0.087 
Total current lagging 90® behind voltage = 0.332 

Construct Fig. 193 drawing vector for 0.332 amp. 90® behind 
vector for 0.46 amp. and find resultant. 

/= V0.332* + 0.46* 

= Vo.3225 

= 0.568'amp. 

The current through the combination equals 0.57 ampere per 
volt 
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reBulting omront wbioh 1 volt 
would foroe tbrou^^ the parallel 
oombination of Fig. 192. 


Third. The impedaiioe of the 
combination equals the ratio of 
the voltage aoroes the combina¬ 
tion to the current through the 
combination. 



1 

0.67 


B 1.76 ohms. 

The an^e of lag between re¬ 
sulting current and voltage is 
found as followB: 


tasiO 

e 


0.332 
0,46 " 
36“ 60'. 


0.722, 


The power-factor of the oombination can be computed as Mows: 


cos 


0.46 

0.668 


0.81, 


Power-factor = 81 per cent. 


By this method the resulting impedance, power-factor, etc., of 
all paxalld combinations can be found. 

Piob. 60~6. An arc lamp containh^ 11 ohms resistance and 
9 ohms reactance at 60 cycles is placed in parallel with a choke 
coil having 0.03 henry inductance and 6 ohms resistance across a 
60-cycle circuit. What is the impedance of the combination? 

Prob. 61-6, . If the parallel combination of Prob. 60 were placed 
across a 25-oyde drouit, what would be the impe^ce of the com¬ 
bination? 

Prob. 62-6. What is the power-factor of the combination of 
Prob. 60? 

Prob. 68HS. What is the angle of phase difference between the 
current and voltage of the combination in Prob. 61? 

Prob. 64-6. An induction coil of 20 ohms impedance and 75 
per cent power-factor is placed in parallel with a choke coil of 18 
ohms impedance and 3 per cent power-factor. What is the im- 
pedanoe and power-factor of the oombination? 
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69. Mutual Inductance. It has been shown that when 
a ouirent through a drouit changes in value, the aocompuay- 
ing change in the magnetio Md causes the wire of the oir> 
ouit to be out by its own lines of force. This induces a 
counter ejni. in the circuit which 
opposes any change in the current. 

But an e.m.f. is induced not only 
in the wire of the circuit itself, but 
also in the wires of every other 
circuit that may be near enough 
to be cut by the nhfl.Tigi-ng mag¬ 
netic field. To show this, we wUl 
take two coils A and as in Fig. 

194. Coil A is placed within coil 
B, but has no electrical connection 
to it Across the tenninals of .B a 
voltmeter is placed. Now when 
switch S is thrown to power, a 
current rushes into coil A and 
fiowB around the coil co\mte> 
clockwise, as marked. But also, Fiq. 194 . Coil B has no eleo- 
strangely enough, a momentary trioal oonneotion to ooil A, 
current fiows around in coil B, yet when a current ia grow- 

through the voltmeter, only In the ^ 
oppomte direction. This momen- 

tary current in B lasts but for an instant, and dies out. 

K, now, we suddenly open the switch S, in order to stop 
the current in A, we notice that another momentary current 
is set up in B. This time the momentary current in B is in 
the same direction as the current we are stopping in A. 
This momentary current, like the first one, dies out almost 
instantly. Thus when we closed the switch and started a 
current in A, we noticed a momentary current set up in B, 
opposite in direction to the current we were starting in A. 
On the other hand, while we were stopping the current in 
A, we noticed a momentary current set up in B, in the same 
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direction as the one we were stopping. These momentary 
currents in the coil B are due to the e.m.f. induced in the 
wires of this coil by the changing magnetic field around the 
wires pf coil Whenever two circuits are so arranged 
that a change in the current of one produces an induced 
e.mi. in the other, the circuits are said to possess the prop¬ 
erty of mutual inductance. 

Note that, although in one case the induced current in B 
was in the opposite direction to the current in A, and in the 
other case in the same direction, in both cases it opposed the 
chai:ge of current taWtig place in It opposed the setting up 
of a current in 4, when we closed the switch, by setting up 
a current in the opposite direction. When we opened the 
switch, it opposed the stopping of the current in A, by setting 
up one in the same direction as the one we were stopping. 
In each case as soon as the change of current in A had ceased, 
the induced current died out. 

Let us also consider the magnetic field set up by these in¬ 
duced currents in B. When we sent the current into A, we 
were setting up a field within the coil making the near end 
a north pole. Note that the induced current in B opposed 
this setting up of a north pole by setting up a field with a 
south pole at this end, tending to neutralize the former. 
But after the field was once set up, the current in B ceased 
trying to neutralize it and stopped flowing. As soon, how¬ 
ever, as we began to destroy the field, by stopping the cur¬ 
rent in A, a current was induced in B, which opposed the 
dying out of the field, by setting up a field of its own in the 
same direction as the one we were destroying. In each case 
the field of the induced current opposed the change that was 
taking place in the field within the coils. 

Here again the induced currents in B obey Lenz's law by 
always opposing the change of the current in the first coil. 
They do this by tending to set up a magnetic field which 
shall oppose any change in the magnetic field existing in the 
first coil. 
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An induced e.in.fwhether in the circuit in which changes 
are being made or in adjacent circuits, always has this ele¬ 
ment of opposition to change. This is why inductance is 
likened to inertia. But it must be remembered that this 
property lies entirely in the magnetic field of the circuit and 
not in the current. An electric current offers no opposition 
to change; in other words, it has no inertia. The entire 
opposition rests in the inertia of the magnetic field, which 
acts like a flywheel on the circuit, and opposes any change. 
It offers this opposition both in the case of mutual and self- 
induction by cutting the wires of the circuits and setting up 
a ooimter e.m.f. We have seen how this takes place in the 
case of self-induction; we will now study the actions of 
mutual induction. 

Fig. 195 (a) and (h) represents a cross section of the coils 
in Fig. 194. When the current is sent into the coil A, as 



Feg. 196. (a) represents an end yiew of the coils in Fig. 105. (6) 

repr^ents a longitudinBl section of the same coOs. 

marked on the wire ends A and Ai, a field grows out around 
wires as marked. This causes a clockwise field to grow 
around the top wires of coil A and a coimter-clockwise field 
around the bottom wires. This field spreads out in ever- 
widening rings as the current is increased and cuts across 
the sides of the coil B. This is shown in Fig. 196 (1), (2), 
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(3), where the wire A repreeeata the end of a wire in coil A, 
and B repreeents the end of a wire in coil B. It shows that 

as the current in A grows, 
the magnetic field caused by 
it qtreads out and outs across 
the wires of coil B. The 
wires on the top of coil B are 
cut by the lines as they move 
(V (A <3> upward. This is equivalent 

liG. 196. An enlaiged view of three to the wires of B moving - 
we ends from the top of Fig. downward and cutting the 
166a. Thie ehowB how the grow- as shown in Fig. 197. 

mg field around the wires of oofl -d-, +i,« 

A spread out and out the wirro applying the ^ht-hai^ 
of rule, we see that there would 

be a voltage induced in B 
tending to send the current out of B. This is in the opposite 
direction to the inducing current in A. 

If we apply this to the lower sides of the coil, Fig. 196, wo 
find that the growing current in coil A is out in the wires 
Ai at the bottom, and that 
the wires Bi of coil B are out 
by the growing field in such a 
way as to induce a voltage 
which tends to send a current 
in at Bi. Here again we see 
that the induced voltage in 
coil B is opposed in direction 
to the increasing current in coil 
A. If we look at the end of 
the coil, Fig. 198, we see that 
the inducing electric current 
in A is in a counteivclockwise 
direction. As long as it is 
increasing, it is causing an induced current to flow in i? in 
a clockwise direction. 

The magnetio field in the air core, due to the current in B, 



moyeznent up of the growing 
field aorofis the wires of ooil B 
is equivalent to a downward 
movement of the wires of B 
acroas the field around the 
wires to A, 
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is opposed to the building up of the field due to the current 

in^. 

The current in is trying to build up a field out (Fig. 
108), while the current induced in B tends to oppose this 
building up of a field out by neutral¬ 
izing it with a field in. 

60. Induction Coils. There is no 
electrical connection between coils A 
and B of Fig. 194. They are very 
carefully insulated from each other. 

Yet all the time that a current is in- 
creasing in one direction in A, it 
causes a current to build up in B, 

The field of this induced current in B 
opposes the building up of the field by 
the current m A, As soon as the 
current in A reaches its normal value, the lines of force 
around the wires no longer will be spreading out and there 
will be no lines cutting the sides of B, and thus the induced 
current in B will die out. 

The induced current thus lasts only as long" as the pri¬ 
mary” current (the current in d.) is growing. While the 
current in A was growing, it had to overcome both the re¬ 
sistance of the wires composing the coil, and also the oppo¬ 
sition of the induced current in S to the building up of the 
field. As soon as the current in A reached its normal 
value, the induced current in B died out, and there was 
left only the resistance of the wires of A to be overcome. 

In order to produce a persistent voltage across the termi¬ 
nals of coil Bj therefore, it is necessary to keep the current 
in A continually changing. Induction coils are built so that 
a direct current sent into coil A will be interrupted very rap¬ 
idly by some special device, and the ever-c hangin g current in¬ 
duces a voltage across the coil B. Furthermore, an iron core 
is inserted, which greatly increase the number of magnetic 
lines, and the coil B has many more turns of wire than coil 



Fig. 198. Note that the 
Md due to the ourreat 
in A 2 B Old and the^fidd 
due to the current in B 
is in. 
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A, BO that the field around each wire of A cuts a great many 
wires of the coil J3. This causes the voltage induced in B to 
be as many times greater than that across A, as is desired. 
Thus, if coil B has ten times as many turns as coil A, the 
voltage induced in B will be approximately ten times the 
voltage across A. For if every line of force set up around A, 
for instance, cuts two turns of coil A and twenty turns of 
coil B, it is easy to see that ten tunes as much voltage will 
be induced in coil B as in coil A, Of course there are always 
some lines set up (called lealmge lines) which do not cut the 
wires of B, so that the ratio of the voltage is always slightly 
less than the ratio of the turns. Such coils are used for 
purposes requiring a high voltage, where but little power is 
necessary, as in electric ignition systems. X-ray apparatus, 
etc. 

61. Transformers. The wide use of alternating-current 
systems is due largely to the possibility of utilizing trans¬ 
formers, which^depend for their action upon this mutual 
induction between two coils. Each transformer consists 
of two coils, one of a few turns of large conductors, called 
the low-tension coil, and the other of many turns of comparar 
tively small conductors, called the high-tension coiL The 
coil by which the power enters a transformer is always 
called the Primary; the coil by which it leaves is called the 
Secondary. 

It is well known that it is much more economical to trans¬ 
mit x) 0 wer at high voltages. Accordingly, at a generating 
station the primary coil is the one of few turns and is con¬ 
nected to the generator. The secondary coil of many turns 
is connected to the line. The voltage of the line is then 
approximately as many times higher than the voltage of the 
generator as the number of turns in the line coir is greater 
than those in the coil connected to the generator. A trans¬ 
former so connected is called a “Stei)-up’' transformer. 
Since it is difficult to use this high voltage for driving 
motors, etc., it is “stepped down” wherever it is to be used. 
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This is done by using the same Mud of transformer, con^ 
neoting the high-tension side, as primary, to the line, and 



Fig. 109. Oeaeral Eleotric 10-kv-a. tranaformer removed from the 
case. The hig^-tension coils are made to operate on 2200 volts; the 
bw-tension on 220 and 110 volts. 

connecting the low-tension side, as secondary, to the motor. 
Thus, by means of two transformers of the same Mnd, alter¬ 
nating-current power may be generated and used at low 
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voltage, yet ta:aiifiim{ted at voltages as high as 160,000 volts 
(at the present time). The transformers of the present date 
being remajrkably efficient, the loss in transmission is thus 
reduced to a minimum. 

Fig. 109 and 200 show the appearance and construction 
of a 10-kv-a. transformer for changing from 2200 to 110 or 





Ym. 200. Boruontal section of the transformer shown in Fig. 190. 

220 volts Note that both the high- and the low-tension coils 
are wound on the same iron core. The magnetio path is in 
the form of four rings of laminated iron. 

The action of a transformer is exactly similar to the action 
of the induction coils explained in the previous paragraph 
except that the current in the primary coil does not have to 
be periodically broken in order to change the magnetic 
flux and so induce a voltage in the secondary. The current 
in the primary is continually alternating so that the flux is 
also always alternating. This sets up an induced alternating 
e.m.f. in the secondary. The characteristics and use of 
transformers of various types are fully described in Chapter 
III Coune n. 

Conventional diagrams for a transformer are shown in 
Fig. 201 and 202. In Fig. 201 is seen how the method of 
interlinkages between electric circuit and magnetic circuit 
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facilitates the explanation of the action. On the low-tension 
side of the transformer there a^e 3 turns shown; on the high- 
tension side, 7 turns. 



Fig. 201. The oonventioiiBl Hiii£iii.Tn of a tranafonner. Since the 
high-tension ooil is represented with seven turns to three of the low- 
tension coil the volta^ of the hi^-tension side must be { of the low- 
tension voltage. 


If the 3 turns set up 0 lin^, there would be 3 ^ inter- 
linkages on the low-tension side. Assuming that no lines 
leak: out of the iron core, these ^ lines would make 7 0 inter¬ 
linkages on the high-tension side. A 
change of 3 ^ linkages on the low- 
tension side thus produces a change of 
7 0 linkages on the high-tension side. 

Since the induced voltages are pro¬ 
portional to the linkages changed per 
second, the voltage on the high-tension 
side is } of that on the low-tension side; 
or, the ratio of the induced voltages is Another con- 

exactly the same as the ratio of the 
turns in the coils. The same ratio Note that the high- 
exists between the e.m.f. impressed on tension coils and the 
the low-tension side and the induced low-tension coils have 
e.m,f. in the high-tension side, since conneo- 

the impedance and voltage drops in 
the coils are usually relatively small, and the impressed and 
induced e.m.f.'s of the low-tension coU are practically equal. 

The method of transmission by step-up and step-down 
transformers is shown in Fig. 203. Notice the peculiar 
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droumstaaoe that the altematm^uirent motors Mi, Mt, 
Ml have no eleotcical connection with the generator Q, yet 
they draw all their power from it. Note also that the trans- 
formers Ti^ T%, Tt are connected in paralld. 



Fra. 203. Gonveational diagram dtowing generator 0 oonneoted to 
line through a etep^p tratisfarmer T. The motora Afi, Mi and lfi 
are conneoted in parallel to the line through step-down ttansfannera 
Tu Tt and Ta 




SITMMAllY OF CHAPTER V 

THE RESISTANCE of an dectzic drcult is the ratio of the 
direct voltage across it to the direct corrent which this voltage 
will force through it. 

THE IMPEDANCE of an electric circuit is the ratio of the 
alternating voltage across it to the alternating current which 
this voltage will force through it 

WHEN A CmCXnT OFFERS EXACTLY THE SAME 
OPPOSITION to the flow of both alternating and direct cur¬ 
rents, the impedance of such a circuit is caused by, and is 
equal to, the resistance only of the circuit 

WHEN A CIRCUIT OFFERS MORE OPPOSIHON to the 
flow of alternating currents than to the flow of direct currents, 
the impedance is caused, in part at least, by the RBACTANCB 
of the circuit 

IMPEDANCE may be entirely RESISTANCE, entirely REACT¬ 
ANCE, or a combinatien of the two. 

INDUCTIVE REACTANCE (symbol X) differs in one im¬ 
portant respect from RESISTANCE. 

The opposition which RESISTANCE offers to the flow of a cur¬ 
rent depends entirely upon the electric CIRCUIT. 

The opposition which INDUCTIVE REACTANCE offers to the 
flow of a current depends not only upon the CIRCUIT, but also 
upon the number of ALTERNATIONS per second of the current 

(a) THE NUMBER OF DOUBLE ALTERNATIONS per second of 
the current is called the Frequency (symbol, f). 

(b) THE AMOUNT WHICH THE CIRCUIT Contributes to the re¬ 
actance is measured by INDUCTANCE (symbol, L). 

THE INDUCTIVE REACTANCE equals a ir times the prod¬ 
uct of the Inductance and the frequency. That is, 

X -> airfL, 

THE INDUCTANCE OF A dRCUIT depends upon the 
number of magnetic lines (<^) which one ampere of current 
sets up, and also upon the number of times (N) which the 
circuit loops around these lines. 
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ONE INTERUNEAGB, or one linkage, is formed when one 
line of flux Is looped once by fhe circuit. When lines are 
looped N times, tiiere are linkages. 

ONE EENEY OF ENDUCTANCE is possessed by a circuit 
when one ampere of current sets op 10 0 , 000,000 linkages. 

THE NUMBER OF HENRYS INDUCTANCE in a circuit 
thus equals 

io» 

or 

io»I 


FOR A LONG COIL 
L 


THIS BECOMES 
i.36N*)iA 

10*1 ’ 


where 1 is in centimeters and A is in square centimeters. 

FOR A MILE OF ONE WIRE OF A TRANSMISSION 
LINE IN THE AIR 


L = .000741 lo^ 




IF THE CURRENT IN A CIRCUIT OF ONE HENRY IN¬ 
DUCTANCE changes in value by one ampere per second, there 
is a change of 100 , 000,000 linkages per second* Since xoo,- 
000,000 linkages cannot be formed or broken in one second 
without cutting the circuit 1100 , 000,000 times a second, one 
volt of ejn.f. must be set up in the dxcult so cut A circuit may 
therefore be said to have one henry of inductance when a 
change of current at the rate of one ampere per second Induces 
an e jn.f. of one volt 

INASMUCH AS THIS INDUCED B.M is in such a di¬ 
rection as always to OPPOSE the change of the current, the 
HTBUCTAirCB of an electric circuit has been likened to the 
HIBRTIA of matter, which causes bodies to OPPOSE any change 
in motion. 


CURRENT-UMTIING REACTANCE COILS make use of 
the opposition which inductance offers to a change of current 
They are large coils of sufldent reactance to oppose the sudden 
growth (and decay) of large currents. They are placed in the 
circuits of generators to prevent the growth of l^e currents 
in case of short drculAs. 
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LIGHTinNG ARRESTERS are reactance coils placed in 
series with electrical appliances. They allow currents of low 
commercial frequencies to pass through them unhindered, but 
offer a large opposition to the rapid surges or high frequencies 
of current, which are sometimes set up in the line by 
discharges. 

THE CURRENT THROUGH AN APPLIANCE CONTAIN- 
ING INDUCTIVE REACTANCE ONLT, lags 90 ^ behind the 
ejn.f. which causes it to flow; thus no power is consumed by 
Tnamtalfilng a current against a reactance. 

THE CURRENT THROUGH AN IMPEDANCE is consid¬ 
ered to be composed of two component currents, at 90 ** to each 
other; one in phase with the voltage across the impedance, 
the o^er at 90 ° to the voltage. The component at 90 ^ to the 
voltage is called the R£ACT1VS or WATTLESS COMPOlVEirr, since 
there is no eipenditure of power required to maintain it 

THE REApTANCE OF A SERIES COMBINATION OF 
INDUCTIVE REACTANCES is the arithmetical sum of the 
separate reactances. 

THE REACTANCE OF A PARALLEL COMBINATION OF 
INDUCTIVE REACTANCES is found by adding the currents 
through the parallel paths and then dividing the voltage across 
the combination by tilils total current. 

THE IMPEDANCE OF A SERIES COMBINATION OF 
RESISTANCES and INDUCTIVE REACTANCES equals the 
square root of the sum of the squares of the total resistance 
and the total reactance. 

Z = V(Ri + Ra + IU+ . . .)*+(^+^+X3+ . 

THE IMPEDANCE OF A PARALLEL COMBINATION OF 
RESISTANCES AND REACTANCES is found by adding VEG- 
TORIALLT the currents through the separate branches of the 
combination, and dividing the voltage across the combination 
by this total current 

THE IMPEDANCE OF SERIES OR PARALLEL COMBI¬ 
NATIONS OF IMPEDANCES is found by resolving each 
impedance into its component resistance and reactance, and 
proceeding as for series and parallel combinations of these. 

MUTUAL INDUCTANCE is the property possessed by any 
two electric circuits, so constructed that a change in the cur¬ 
rent through one sets up an induced e.m.f. across the other. 

TRANSFORMERS make use of the property of mutual 
Inductance between two coils on the same iron core. One coil, 
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called the low-tensioii coil, consists of few turns; the other 
consists of many turns and is colled the hi^-tension colL 
An alternating currat sent throu^^ either coil will induce an 
alternating e jxLf. in the other. The coU in which this ejiuf. is 
induced is called the secondary coil; the other is called the 
primary. The induced voltage across the secondary is in ap- 
prozimately the same ratio to the impressed voltage across the 
primaxy, as the turns in the secondary coil are to the turns in 
the pxiinary coil. When the voltage across the primary is the 
hi£^er, the transformer is called a step-down” transformer; 
when the voltage across the secondary is the hi^er, a/* step^ 
up ” transformer. 

. TUAirsFORMERS enable alternating-current power to be gen¬ 
erated at low voltage, stepped up to bi^ voltage for long 
transmission, and then st^ed down for use at low voltage. 
Because of the remarkably high efficiency of transformers, the 
transmission of large amounts of power over great distances is 
accomplished with litde loss. 



PROBLEMS ON CHAPTER V 


Prob. 6I^6. Great Western Power Ck). transmits power 
164 miles over a S-phase system. The line wires are No. 000 
stranded, approximately i inoh in diameter, spaced 10 ft. apart in 
a vartioal plane on towers. What is the total inductanoe of each 
conductor? 

Prob. 66-B. The frequency in Prob. 66 is 00 qycles. What is 
the reactance of each line wire? 

Prob. 67-6. The diTnensionH of the choke coil shown in Fig. 176a 
are as followB: length, 12 inches; number of turns, 16; diam¬ 
eter, 16 inches. Wire is aluminum, 0.4 inch in diameter. Find the 
inductance of the coil. 

Prob. B8-6. (a) What reactance will the coil of Kg. 176a have 
on a eO-oyde drouit? (6) What impedance? 

Prob. 69-6. What reactance will the coil of Kg. I76a offer to an 
oscillating current of 1,000,000 cycles per second set up by a li^t- 
Tiing discharge? 

The data for Prob. 6 o to 75 indnslve are'from Eyan’s ‘‘Design of 
Electrical Machinery ” and apply to the same transformer. 

Prob. 00-6. A certain type H transformer has 1200 turns in 
the hi^-tension windings. How many turns must the low-tension 
windings have in order to transform 2200 volts to 220 volts? 

Prob. 01-6. How many interlinkages must be made per second 
(average rate) in order to set up the 220 volts .(sine wave-form) in 
the low-tension aide of the transformer of Prob. 60? 

Prob. 02-6. The transformer of Prob. 61 is to run on 60 cycles. 
What mfl-TriTmim flux must be set up to produce the proper number 
of linkages per second? 

Prob. 08-6. Allowing 60,000 lines per sq. In. as the flux density 
in the iron core, what should be the average cross section of the 
iron path? 

Prob. 04-6. Assuming a fair volume for the iron in this trans¬ 
former as 486 ou. in., what is the average length of the path of 
the magnetic flux? 
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Prob. 66-0. What TnaxirDum current must be required in the 
hi^-tension coils to send the maximuin flux through the magnetio 
circuit of this transformer, with the low-tension aide on open cir¬ 
cuit? A fair value for permeability of the iron core at this mag¬ 
netic density would be 2650. 

Prob. 66-6. The effective value of the current in the primary 
coil required to produce the flux through the core, when the second¬ 
ary side is open, is called the magnetizing current. What is the 
magnetizing current for this tranBfoimer, ftMiming that the cur¬ 
rent has a sine wave-form? 

Prob. 67-6. This transformer is found to consume 131 watts 
when the primary high-tension aide is connected to the mains with 
the secondary side open. Practically the whole of this power is 
Gonsumed in hysteresis loss and in setting up eddy currenis in the 
core. How much current must be used for this purpose in this 
transformer when it is operating at its proper voltage? 

Prob. 68-6. The current used to supply core-loss power and 
the magnetizing current are in quadrature. What is the total 
current taken by the high-tension primary aide of this transformer 
when idle on a 220()-volt line? 

Prob. 69-6. What is the stif-inductance of the primary high- 
tension coils on transformer? 

^ Prob. 70-6. On a 60-cycle circuit, what is the reactance of the 
high-tension primary side of this transformer? 

Prob. 71-6. What should be the magnetizing current for this . 
transformer on a 2200-volt line, using the reactance found in 
Prob. 60? Compare with answer to Prob. 66. 

Prob. 78-6. The resistance of the hi^-tension coils is 5.45 
ohms. What is ^ impedance of the high-tension coils on a 60- 
cycle drouit? 

' Prob. 76-6^ Using impedance found in Prob. 72, compute cur¬ 
rent which the high-tension coils would take when connected to a 
60-(ycle 220(>-volt line. Explain why the value differs from that 
found in Prob. 68. 

Prob. 74-6. From the resistance and the current as found in 
Prob. 68 compute power used in overcoming the resistance of the 
primary coils when connected to a 2200-volt 60-cycle line. 

Prob. 76-6. Recompute the core loss in Prob. 67, correcting 
the 131 watts taken on open circuit to And the true watts taken 
for core loss. 
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Prob. 76-S. Recompute Prob. 68, using the correct core-loss 
current as found from Prob. 75. What per cent error is made in 
the value of the no-load primary current by considGring that the 
131 watts are all core loss? 

Prob. 77-5. (Data taken from Electric Journal, April, 1914.) 
Tests on a current-limiting reactance mmilar to that shown' in Fig. 
170f which was designed to cany 200 amperes oontinuoudy, showed 
that it had a self-inductance of about 0.0032 henry. One of these 
reactances is placed in series with each line wire connected to the 
teiminalB of a three-phase 15,000-kvna. 6600-volt 60-cycle 360- 
r.p jn. water-whed type generator. Calculate the value of this react¬ 
ance in ohms, the drop across each reactance, when rated output of 
the generator is being delivered in volts and in per cent of the termi¬ 
ni voltage of each phase, assuming the phases to be Y-oonnected 
and the resistance negligible in comparison with iihe reactance. 
How many kilovolt-amperes are being carried by each reactance? 

Prob. 7B-6. Ti the three line wires of Prob. 77 were to be 
short-oirouited together while the terminal voltage and speed were 
maintained constant, what vintage drop would there be across each 
reactance, and what kilovoltnamperes carried by it? What would 
be the Short-drcuit current per line wire or per phase, in per cent 
of the normal current? 

Prob. 79-6. The reactance of each phase of the winding of the 
generator in Prob. 78-6 is 0.69 ohm when operating at rated fre¬ 
quency. The total reactance of each phase including the external 
current-limiting coil is 1.90 ohms. Calculate the fiTial value of 
current flowing in each phase of the generator winding when all 
phases are short-circuited: 

(a) Between the windings and the reactance. 

(&) Between the reactances and the line wires. The generator 
continues to operate with full normal field flux and speed. Ejqnress 
each of these ouirents in percentage of rated full-load current. 

Prob. 80-5. Calculate the maximum instantaneous value of 
voltage across the terminal of the current-limiting reactance in 
Prob. 77-5, and the value of current and of power in the reactance 
coil at this instant. 

Prob. 81-5. In Prob. 78-6, what will be the values of current 
and of e.mi. at the instant when the power in the reactance is zero? 

Prob. 82-5. What will be the values of e.m.f. and power in one 
of the reactances of Prob. 77-^6 at the instant when the currant 
through it is zero? 
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Prob. 88-6. A certain induction coil takes 10 amperes wben 
oonnected across a 230-volt 60-oyole line. When the frequency is 
reduced 50 per cent the current is increased 50 per cent. What are 
the values of resistance and inductance of this coil? 

Prob. 84-6. A 15,00Q-kv-a. 6600-volt 60-cycle 3-phase Y-con- 
nected alternator has a reactance which is stated to be 15 per cent; 
that iSt when operating at rated frequency and load, the emi. 
required to overcome the reactance of each phase of the winding 
is 15 per cent of the terminal e.mi. of that phase. Calculate the 
reactance drop in volts, and the reactance in ohms. 

Prob. 86-6. If the total power loss due to resistance in the 
three phases of the armature winding of Prob. 84 at rated full load 
is 2 per cent of the power output at unity power-factor, calculate 
the resistance of each phase, in ohms. From this and the result 
of Prob. 84-5, oalculate the impedance of each phase. 

Prob. 88-6. A coil having inductance and resistance takes 110 
watts and 2 amperes when connected across 110-volt OO-cycle 
mains. What is the resistance, reactance, and inductance of this 
coil? What is the power-factor and angle of phase difference be¬ 
tween pressure and current? 

Prob. 87-6. If the wire in the coil of Prob. 86-5 were unwound 
and rewound non-inductively, what current and watts would be 
taken from the same mains? What would be the phase difference 
between pressure and current? 

Prob. 88-6. When all three wires of a three-phase transmission 
line are short-circuited together at the far end, the instruments on 
this line at the station switchboard indicate as follows: Volts 
between wires, 11,000; amperes in each wire, 100; total watts sup¬ 
plied to line, 1350 kilowato. Calculate the resistance and react¬ 
ance of each line wire, in ohms. 

Prob. 88-6. Calculate what the current and wattage in the coil 
of Prob. 46-5 would be, if the frequency were increased to 60 cycles 
at the same voltage. 

Prob. 90-6. How much of the power (kv^a.) in Prob. 46^ is 
“give-and-take,” or reactive? How many total kilovolt-amperes 
are taken by the coil from the mains? At each of the four instants 
when the power taken from the Tnaina is zero, how much power 
previously stored in the magnetic field around the coil is being 
returned and dissipated as heat? What are the values of current 
and line voltage at each instant? 
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Prob. 91-6. What is the maxiTnum value of aegative power, or 
power returned by the coil of Prob. 90, to the mains, and what are 
the values of current and e.m.f. at this instant? How much power 
is being given up by the coil at this instant, and how much of it is 
bdng transformed into heat by the resistance of the coil? 

Prob. 92-6. One unit alone takes 10 kw. at 60 per cent power- 
factor when connected across a certain line. Another unit alone 
takes 10 kw. at unity power-factor when connected across the same 
line. How many kilowatts will these two units together take when 
connected in series across the same line, and what will be the 
power-factor of the entire circuit? What fraction of the total 
voltage will each unit take? 

Prob. 92-6. Two impedances are in series across 220-volt-60- 
oyole mains. There is the same voltage across each, but the resist¬ 
ance of one of them is 15 ohms while that of the other is 7 ohms. 
The total power consumed by the entire circuit is 550 watts. Cal¬ 
culate the inductance of each of these impedances, the power-factor 
of each, and the power consumed in each. 

Prob. 94-6. Verify the statement that when several units, all 
having the same resistance and the same reactance, are connected 
in series, the total voltage across the entire circuit is equal to the 
arithmetical sum of the voltages across the units, or that they 
divide the total voltage equally among them. 

Prob. 96-6. Verify the statement that when several circuits 
each having resistance and inductance, and all of the same power- 
factor, are connected together either in series or in parallel, the 
power-factor of the entire circuit is the same as that of each of its 
parts. 

Prob. 96-6. One coil alone takes 10 amperes at 60 per cent 
poweivfactor from llQ-volt 6Q-cycle mains. Another coil, alone, 
takes 10 amperes at 80 per cent power-factor from the same mains. 
What is the impedance, resistance, reactance, and inductance of 
each coil, and what vrill be the current, power, and power-factor 
if they are connected in series across the same mains? 

Prob. 97-6. In Prob. 96-5, what would be the voltage across 
each coil when they are in series? 

Prob. 98-6. What would be the answers to Prob. 96-5 and 
97-5 if the frequency were doubled? 

Prob. 99-6. What would be the answers to Prob. 96-5 and 
97-5 if the frequency were reduced to zero, or if direct current were 
used? 
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Prob« 100-5. Verify the statement that when several units, all 
having the same reedstanoe and the same reactanee, are oonneoted 
in pa^el, the total euirent in the main cirouit is equal to the 
arithmetioaL sum of the currents through the units, or that the 
units divide the total current equally among them. 

Prob. 101-6. If the two units specided in Prob. 06-5 are con¬ 
nected in parallel to the same mains, what will be the total amperes, 
watts, and power-factor of the combination? 

Prob. 10Sk6. What would be the resistance and reactance of a 
single coil equivalent to the parallel combination of Prob. 101-5? 

Prob. 108-6. Calculate the value and direction of current in 
each coil of Prob. 101-5, at the instant when the current in the 
mains is zero. Calculate the em..f. applied at this instant, and 
the value and direction of xK>wer in each coil and in the line. 

Prob. 104-6. Four units aH having the same resistance and 
inductance take altogether 4 kw. at 80 per cent power-factor when 
connected in parallel across 220-volt 60-cyole mains. What would 
be the ourrent, power, and power-factor if they were connected 
in aeries across the same mains? 



CHAPTER VI 


ALTERNATmO-CUBRENT GENERATOBS: SINGLE 
PHASE 

An deotromotive force is generated in a conductor when¬ 
ever magnetic lines of force are cut by the conductor. It is 
inunaterial whether the conductor moves and cuts the^linea 



III 

ABC 


ViQ, 204. The statioziaiy armature of a 200-kv-a. alternator. Weitr 
inghouse Electric A MSg» Co. 

or whether the lines move so as to be cut by the conductor. 
In direct-current generators, it is always the conductors 
which move. In other words, direct-current generators have 
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rotating armatures. In alternating-current generators, es^ 
pedally of the larger capacities, it is usually the field which 
rotates, although rotating armatures may be used, Whether 
it is the field or the armature, that part of the machine which 



Fig. 205. The rotating field for the armature of Fig. 204. Direot 
ourrent is supplied tp the rings for the field coils. 

rotates is always called the rotor, and the stationary part, the 
stator. 

62 . Rotating Field Type. The e.m.f. is always generated 
in the conductors, or inductors, as they are called in this case, 
which are wound on the armature, whether it be the rotor or 
the stator. The greatest advantage which the stationary 
armature has over the rotating armature is that the power 
is generated in conductors which do not move and therefore 
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itf oan be delivered to the external circuit without the aid of 
aixxy slidiiig contacts. Also, the insulation necessaiy for high 
voltages is easier to construct and maintain. Fig. 204 is a 
picture of this type of armature as constructed by the West- 
inghouse Mfg. Co. for a 200-kv-a. generator. All the power 
o'U'tput is taken from the three stationary leads, A, B and C. 



fhca. 206 a. A small alternator. 'Ihe direct current for exciting the 
fields is taken from the small d-c. generator G, which is coupled to 
*hhe shaft. 

The rotating held for this machine is shown in Fig. 205. It 
oonsists merely of a ring of pole pieces, alternate north and 
south of course, each being wound with its own field coil. The 
inaignetio fiux from these poles sweeps across the windings of 
'tlie stationary annature and induces the e.m.f. in them. The 
current supplied to the field coils must be direct current, 
since the polarity of each pole never changes during the opera- 
1^1011 of the msMshine. This exciting current, as it is called, is 
supplied usually from some outside source and delivered by 
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netic fields from them^ axe distinct and sharply defined. Such 
fields are thus said to be of the definite pole type^ to distin¬ 
guish them from a type of revolving field used in high-speed 
generators the poles of which are not so clearly defined. 
Kg. 207 shows, in course of construction, the rotating field 



Kg. 207, The revolving field of a Turbo-generator, with the coils 
in process of assembly. This shows the oylindrioal oonstniotion 
of the field core employed for the high-speed rotors. The field coils 
are laid in slots in the field core, which is built of punched lamina¬ 
tions similar to a rotating armature with the windings partly distrib¬ 
uted. General Electric Co, 

of a highngpeed turbo-generator, built by the General Electric 
Co., in which the iwles are more or less indistinct, but may 
be discerned by tracing out the windings. A little inspection 
of the figure shows that there are four poles formed by the 
field coils, which are distributed over the surface much in the 
manner of armature windings. 
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63. Revolving Armature Type. A 25-kv-a. alternator 
of the revolving armature t3rpe made by the General Elecstrio 
Co. ie shown in Fig, 208. Notice the small commutator C 



PiQ, 208. An EJtemator with a rervolviiig armature. Three-phase, 
4-pole, 1800 r.p.m., 60 cycles, 25-kw., self-excited. A small separate 
winding is connected to a commutator and furnishes direct current 
to the field coils. General Electric Co. 

to the right of the collecting rings. This is connected to a 
small winding on the armature which is separate from the 
main alternating-current winding, and which furnishes direct 
current at from 40 to 80 volts pressure, to supply the field 
coils. A self-ezoited generator such as this, with exciting 
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Gjni. £md Tnain aJtematmg e.ini. both generated by the 
same field, has to be of rather special design, because any 
change of field flu±, due to the magnetic reaction of armature 
currents, changes the excitation voltage and thereby produces 
a still further change of alternating voltage. Hence, to get 
a good regulation for the alternating e.m.f. requires a 
''stiffs' field, or one little affected by changes of the arma¬ 
ture current. 

Whatever the -type or form, in which the field is con¬ 
structed, the flux under aU conditions remains fairly fixed in 
direction around each polar region. The number of the poles 
is Wo or some multiple of two. All poles of the same ma- 
ohiae are constructed alike, and produce fields which are 
identical in distribution and value, but alternately north 
and south around the frame. 

In whatever form or type the armature is constructed, the 
inductors are always connected together symmetrically with 
respect to the field poles. They are always connected so as 
to add together their useful effects and produce the largest 
possible dectrical output at the terminals of the machine, 
using the smallest possible amount of material. 

64. V^lue of Electromotive Force In Armature Inductors* 
We have learned that one volt is induced in an inductor whan 
it cuts 100,000,000 lines of flux in one second. However, it 
is not necessary for the inductor to move for a whole second 
and cut 10® lines in order to generate one volt. It may move 
for one-half second and cut 50,000,000 lines. This would 
generate an e.m.f. whose average value during that one-half 
second of time was one volt, because it would be cutting 
lines at the rate of 100,000,000 per second. Similarly, it may 
move but ttjVv of a second and cut 100,000 lines. During 
this time, it would also generate an e.m.f. whose average 
value was one volt, for here again it would be cutting at 
the rate of lo® lines per second. 

We may consider a period of time so short that the average 
value during that time is practically an instantaneous value. 
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Thus the induced e.m.f. in an inductor at any instant equals 
of the number of lines which would be cut in one second, 


if the inductor continued to out at the same rate for a full 
second. Of course a conductor actually never cuts at uni- 
fcHnn rate for anywhere near a whole second. In spite of the 
fact that all rotors are turned at practically constant speed, 
the armature conductors are constantly changing their 
direction of motion relative to the flux, and are cutting 
through a field in which the lines are not uniformly distrib¬ 
uted. The e.mi. in each conductor, then, is not steady 
from instant to instant, but may be different for two succes- 
fflve instants, no matter how ^ort a time elapse between 
these instants, at which you choose to examine or calculate 
it. For this reason, it is often necessary to compute the 
ejni. at given instants. When so calculated, it is under¬ 
stood that at instants just before and just after the one 
chosen, the e.m.f. may have a different value. The symbol 
for*instantaneous e.m.f. is here always taken to be (e), to dis¬ 
tinguish it from average, effective and mayiTmiTn values. 

If we know the relative speed at any instant of the field 
and the cutting inductor, the intensity of the field which is 
being cut, and the cutting length of the inductor, we can 
compute the e.m.f. which is being generated at just that 
instant. We merdy have to write an equation, as follows, 


which really gives ^ of the number of lines which would be 


out if the cutting continued at the some rate for one second. 


BIV 

10 »’ 

where 

e = instantaneous e.m.f. in volts. 

lines per square inch (or per square centimeter) in 
the fidd at the point where the inductor is at the 
given instant: the area to be measured in the plane 
in which the inductor moves. 
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I = cutting length of inductor in inches (or centimeters); 
only so much of the inductor is to be measured as 
is actually cutting. 

V « velocity of inductor relative to field, in inches per 
second (or centimeters per second). 

Care must be used to measure units of length either all in 
inches or all in centimeters. Thus, if JB is measured in lines 
per square inch, I must be in inches, and V in inches per 
second. 

Bzample 1. The following data would apply to the generator of 
Fig. 204. 

Diameter of frame at depth of armature winding => 8 ft. 

Cutting length of conductor = 6 in. 

Speed = 200 r.p.m. 

What would be the instantaneous e.mi. induced in a conductor as 
that part of a pole face was passing it where flux density became 
6300 lines per square centimeter? 

BIV 

10 >’ 

B « 6300 X 6.46 » 40,600 lines per square inch, 

2 — 6 inches. 

8 X12 X3.14 X200 ^ ^ 

V —- — -“ 1000 mohes per second. 

\iCi 

40,600 X 6 X1000 
* 10 » 

— 2.45 volts. 

Prob. 1-6. At an instant later than that of Example 1, the 
portion of the pole face nearer the trailing tip was passing the same 
inductor and the flux density at this point was 6600 lines per 
square centimeter. What e.m.f. was induced in the inductor at 
this instant? 

Prob. a-6. Assume that the greatest flux density of the lines 
coming from the poles of the generator in Example 1 was 7000 lines 
per square centimeter. At what speed would the rotor have to 
turn in order to induce a maxiTmim voltage of 1.28 volts in a single 
inductor? 

Prob. 8-6. If the greatest allowable peripheral speed of the rotor 
of Problem 2 is a mile per minute, what is the greatest instanta¬ 
neous 6.m.f. which can safely be set up in a single inductor? 
AsBume that the outside diameter of rotor is 96 inch^ 
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66. All Dynamos Generate Alternating Electromotive 
Forces.* A direct-current generator is one which delivers 
a unidirectional e.m.f. and current; that is, one terminal is 
constantly of positive polarity, the other of negative polarity. 
An altemating-cuiTent generator (commonly called an 
“alternator") is one which delivers a current that periodi¬ 
cally reverses its direction through the circuit; that is, each 
terminal is alternately positive and negative in polarity. If ^ 
the altemations were slow enough, an ordinary (permanent 
magnet type) direct-current voltmeter attached to the termi- 
of the alternator would show the nature of the e.m.f. by 
deflecting first to right and then to left of the zero mark. 
Notwithstanding the very great difference in the nature of 
the ejni. and current delivered from the terminals, and the 
tremendous differences thereby produced in the actions 
which go on in the external circuit, there is really a strong 
internal resemblance between these two types of dynamos. 
This resemblance, if pointed out, should make it easier for 
one who has studied the direct-current generator to under¬ 
stand also the alternating-current generator. 

A typical direct-current generator is shown, diagrammati- 
cally, in Fig. 209. Only a part of the winding is given, to 
avoid confusion of lines in the diagram, and the simplest 
style of winding in ordinary use has been chosen. The fact 
that each of the collecting brushes carries current steadily 
in one direction, as indicated by the polarity definitely 
marked upon it (positive or negative), is due solely to the 
action of the commutator. As the rotation of the armature 
sweeps each conductor on its surface through the magnetic 
flux in the air gap between the faces of the poles and the iron 
core of the armature, the e.m.f. induced in it alternates as it 
passes north and south poles alternately. Thus the current 
produced in each armature conductor by this e.m.f. is really 

* The only exception to this statement is the homopolar generator ” 
(Bometimee called the unipolar generator), which is rarely built on 
account of great difficulties m construction. 
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an alternating ourrent. The right-hand rule/’ oonoeming 
the relative direction of dux, motion and induced e.mi., 
states that if we extend the thumb, forefinger and middle 
finger of the right hand at right angles to one another, point¬ 
ing the thumb in the direction of motion of the inductor, and 
the forefinger in the direction of the flux, the middle finger 
will point in the direction of the induced e.m.f. We find, as 



Fig. 209. A simple direot-ourrent generator. Note that the e.m.f. 
induced in oonduotor a is tn (away from the reader) as it passes an 
N-pole while rotating in a clockwise direction. 

we apply this rule to some one inductor, such as a, through a 
complete revolution, that it generates an e.m.f. into the paper 
or away from the reader while passiog in clockwise direction 
imder pole Ni, out or toward the reader while passing clock¬ 
wise under Si^ in under and out under If the speed is 
steady, and the magnetic flux is distributed similarly under 
all the poles, which we may safely assume because of their 
uniformity and symmetry of construction, we see that the 
e.m.f. goes through exactly the same set of values, and in the 
same order, in moving from M past S\ to Ni, that it goes 
through in moving from past S% to iV'i- This complete 
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set of values which is repeated again and again, we have seen, 
is called a “ cycle,” and the time (in seconds) required to com¬ 
plete one cycle is called the period of the alter na t ing e.m.f. 
or current. Evidently the period of the e.m.f. induced in 
any single inductor is the time required for it to pass a pair 
of poles, and the number of cycles per second (called the fre¬ 
quency of the e.m.f 0 is equal to the number of pairs of poles 
passed per second. The frequency, then, is equal to the number 
of revolutions per second times the number of pairs of poles. 

Prob. 4-6. The speeds and numbers of poles employed by the 
GroQk6>WheeLer Company for a line of direct-current lighting and 
power generators of trani 200 to 1000 kw. capacity axe as follows: 

Erom 176 to 226 r.p.m., 8 poles. 

From 100 to 200 r.p.m., 10 poles. 

From 100 to 136 r.p.m., 12 poles. 

From 80 to 100 r.p.m., 16 poles. 

From 80 to 100 r.p.m., 22 poles, or more for the largest sises. 

Calculate the range of frequencies of alternating e.m.f. generated 
in the armature coils of this line of direct-current generators. Does 
there seem to be any uniformity of practice in regard to the fre¬ 
quency? 

Prob. 6-6. Sometimes in large systems the power is generated 
and tranamitted at low frequency, but must be tronafoimed to a 
higher frequency before it may be applied to certain uses. To do 
this, two cdtemators having different numbers of poles are coupled 
together, one of them running as a motor in step with the altmia- 
tions of the emi. in the line, the other delivering alternating cur¬ 
rent at the higher frequency as a generator. Such a combination 
is called a frequency-dianger. What combinations of numbers of 
poles may be u^ on these two machines, in order to take current 
from the line at 26 cycles frequency and d^ver current at 60 cycles? 

Prob. 6-6. If we increase the flux per pole by 20 per cent with¬ 
out altering the frequency, in on alteimtor which before the change 
was developing 220 volts between terminals, what voltage do we get? 

Prob. 7-6. At what speed must the fleld revolve in the Westing- 
house alternating-current generator of Fig. 204 and 206 in order to 
deliver 

(o) A 60-oyole e.nLf.? 

(6) A 26-cycle ejni.? 
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66. The Commutator Is a Reyersixig Switch. The fore¬ 
going paragraphs are true for either a dlrect-cuirent or an 
aJtematiDg-current generator. These two types differ mainly 
in the manner of getting the e.m.f. and ouirent from the 
inductors to the ertemal circuit. Usually the method of 
connecting the inductors together into the circuits^ or the 
'^winding’’ of the armature, is different for the altematiDg- 
ourrent and direct-current generators; but this difference is 
not an essential one, and very often does not exist at all.* 
But they must differ essentially in the manner of getting the 
e.m.f. and the current from the armature winding to the ex¬ 
ternal circmt. The direct-current dynamo requires a commu¬ 
tator, connected in series between the armature winding and 
the external circuit, to commutate or rectify the induced e.mi. 
and current, or, to reverse the alternate pulses so as to de¬ 
liver them constantly in the same direction to the external 
circuit. The commutator acts like a multipolar reversing 
switch, arranged on the shaft between the armature winding 
and the terminals of the direct-current armature. It is con¬ 
nected in such a way that each inductor, or each group of 
inductors, has its connections to the armature terminals 
reversed just at the instant when its induced e.m.f. reverses — 
that is, at the moment it passes out from the field or influence 
of one of the poles into the field of the next adjacent pole. 
If an inductor, or group of inductors, delivering alternating 
e.m.f. were connected to the left side of the reversing switch 
in Fig. 210, and this switch were thrown first to the right and 
then to the left in synchronism (i.e., in equal time) with the 
alternations of e.m.f. — that is, so that the connection was 
reversed just at the some instant when the e.m.f reversed, 
there would be produced in the circuit at the right of the 
switch a uoidirectional e.m.f., as indicated. If the switch 
were not reversed exactly in synchronism with the current, 
flowing in the altemating-ourrent circuit, or not exactly at 
the instant when the current reached its zero value once in 


♦ See Chaptera VIII and IX. 



294 ALTBRNATING-CUBBENT ELECTRICITY 


each half-^cle^ destructive sparkiDg or arcing would Im* \if 
duoed at tiie switch points. If used to rectify a 6 U- 4 y«' 
alternating current^ the switch would have to be reversi^l I« 
times in every second and every tim$ at exactly the 
when the current is zero. This seems too rapid to be pni 




b 

Fig. 210. If the switch were thrown first one way then the othnr 
time with the alternations of the alternating current, a rti 

rent would be delivered to the line on the li^t. A ooniniiiui^ 
doffi exactly this for the ^ternating e.m.f. of the armature. 

ticable, but it is exactly what is done in the so-caUocl v 
brating-type rectifier/' which is a device for changing miui 
amounts of power from alternating into direct current U 
charging automobile- and ignition-batteries. The s^vitrh : 
of very light construction, the contacts are close togetlH*r. i i> 
adjustment must be very accurate, and auxiliary automiil ir A* 
vices are necessary to operate the switch successfully, 1 )ul f }i 
principle is as shown in Fig. 210.* In a direct-current 
ator the commutator performs the office of this re\’i*rMii 
switch. It receives an alternating e.m.f. from the windings« 
the armature and delivers a direct e.m.f. to the external (jirmiri 
67. Collecting-Rings for Alternators. If we desire to 
alternating current in the external circuit, no such rever>iit 

* See Second Course, Chapter IX, on Conversion of AltcTiKi'^tii 
Current. 
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switch is necessary — the series of inductors coznposiiig the 
armature winding can be connected directly to the external 
circuit— and the terminals of the winding become directly 
the terminals of the armature. If the armature revolves, as 
in very small alternators, a collecting-ring or sliding contact 
is necessary between each stationary line wire and the oor- 
re^nding terminal of the moving armature winding. If 
the armature is stationary, as in most alternators, jxo such 



Fiq. 211. The armature of Fig. 209 arranged to deliver alternating 
e.m.f. to the drouit. The windings are connected in series and the 
two terminals brought out to a pair of coUeoting-iings. 

device is required in the circuit of the armature, but two 
slidiDg contacts as 12 in Fig. 205 are necessary to carry direct- 
current into the rotating held coils for producing' flux. To 
illustrate the essential structural differences between direct- 
current and alternating-current generators, the same arma¬ 
ture which was used with a commutator in Fig. 209 to deliver 
direct current to the external circuit is shown, rearranged so 
as to deliver alternating current to the external circuit, in 
Fig. 211. Notice that instead of a commutator consisting 
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of numerous segments of heird forged copper, insulated from 
each other and from the frame of the machine, two simple 
rings are used. This makes the alternating-current genera¬ 
tor simpler and less troublesome, and usually cheaper for a 
given power capacity, than the direct-current generator — 
other things, such as ^eed and grade of materials used, being 
equal. These d ift yamH show the machine as seen from the 
end wh^ the current-collecting device (brushes, with col¬ 
lecting-rings or commutator) is located. Wires used to 
connect the inductors at the further end of the armature are 
shown as dotted lines, while connections at the near end are 
shown as full lines. One collecting-ring is shown inside the 
other simply to make the diagraTn clear; they are in fact all 
of the same diameter and mounted side by side along the 
shaft. 

68. Open-dicuit and Closed-circuit Windings. Now 
suppose that the winding of the direct-current dynamo of 
Fig. 209 were continued as started, using a proper rela¬ 
tion between the number of slots, poles, commutator bars 
and pitch of the winding (or distance between adjacent 
inductors in the series, or between sides of a coil). We 
should find that the winding would finally end exactly where 
it started, the beginning and the end would be soldered to¬ 
gether, and the armature winding would form a closed circuit 
(independent of any external circuit) by re-entering into 
itself. The commutator bars are merely tapped off at equi¬ 
distant points along the winding. However, if the corre¬ 
sponding alternating-current winding were to be continued 
as shown in Fig, 211, the completed winding would be an 
open circuit (its two ends terminating at the collecting- 
rings) until closed by making a connection externally be¬ 
tween the brushes. All direct-current dynamos necessarily 
have closed windings.* Alternating-current machines may 

* The only ezoeptions are some of the old forms of generators used to 
produce direct current for arc li ghtiTig oirouits, the Brush oro-dynamo, 
for instance. These are no longer being installed. 
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have either closed or open windings. The latter are most 
usual, but the former are used in cases where the machine 
must deliver very large currents at low voltage, in which 
case the winding consists of several flimilar paths connected 
in parallel to the terminals of the armature, thus forming one 
or more closed drcuits or meshes within the armature wind¬ 
ing. Closed windings are also used where the same machine 
must handle either direct current or alternating current, or 
both, as in synchronous converters, double-current genera¬ 
tors, or Dobrowolsky three-wire direct-current generators, 
which will be found treated elsewhere. 

In a later chapter a rather full explanation of the subject 
of armature windings for alternating-current machines is 
given, in a way intended to be useful not only in tracing out 
the internal connections of alternating-current generators 
and motors so that they may be assembled, rearranged or 
repaired intelligently, but useful also in helping the worker 
to understand what alternating e.mi.’s and currents are 
really like, what phase diSermce means and does, and how 
to use vector diagrams. At this point, we shall consider 
only the simplest and clearest complete diagram which can 
be used to represent the actions going on in an alternator, 
iifliTig it as a basis for explanations of such actions. 

69. Magnetic Path: Leakage. Fig. 212 represents 
diagrammaticaJly a two-pole armature having 24 inductors 
upon its outer surface, spaced equidistant from each other. 
The thin full lines represent some of the lines of magnetic 
flux, passing out of the iV-pole into the air gap, thence into 
and through the steel core of the armature, through the air 
gap under the adjacent iS-pole, and into this iS-pole. The 
magnetic circuit is always completed from S-pole to iV^-pole 
through some form of iron or steel yoke, not shown here. 
The actual amount and distribution of the magnetic flux is 
not intended to be shown in this sketch; it depends upon a 
great many conditions, to be explained later, as becomes 
necessary in order to understand the operation of the ma- 
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chiae. As the armature rotates and carries them around, 
each of the conductors on the armature has an 6.m.f. induced 
in it while it is cutting through lines of flux. The only lines 
that can he cut are those entering or leaving the steel core of 
the armature. The cylindrical armature core is made hollow, 
as shown, to economise material and to improve the circular 



Fig. 212. Magnetic path throu^ the onnature of a simple two-pole 

geneorator. 

tion of air for carrying off the heat due to the losses, so as to 
keep the temperature down to a value which will not injure 
the insulation around each armature conductor. The cross- 
section of this core is made no larger than, necessary to keep 
the density of magnetic flux in it down to a point where the 
hysteresis and eddy-current losses will be reasonable. The 
flux finds it easier to pass through iron than through air, so 
there are practically no lines of flux within the hollow core — 
practically all of those that enter the armature core prefer 
to pass through it, as shown. A few lines will always pass 
from one pole to the other through the air without entering 
the armature, because this leakage path (for flux which is 
useless because the armature conductors cannot cut it) 
always exists in parallel with the path of the useful flux (into 
and through the armature). The proportion of leakage flux 
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to useful fux is kept as low as possible in order to improve 
the voltage regulation and effioienoy of the dynamOj and 
increase the amount of load it can cany. This proportion 
depends upon the construction of the machine and upon the 
amperes and power-factor of the current delivered by the 
armature. 


Prob. 8-6. Draw a sketch diowing the magnetic circuits and 
distribution of flux in a four-pole dynamo. Mark the polarity of 
all the poles and the direction of each line of dux. Make the sketch 
large enough to be clear, and do not crowd the lines of flux. 

Prob. 9-^. As in Problem 8-6, draw the magnetic circuits of a 
six-pole dynamo. 

Prob. 10-6. Draw sketches showing what you think would hap¬ 
pen to the magnetic flux in a six-pole dynamo if the bearings should 
wear so as to allow the armature to drop a little. 

Prob. 11-0. Draw sketches showing how you think the flux dis¬ 
tribution of the same dynamo would be altered if pole-shoes were 
put on the pole-cores, making the pole-faces cover say 80 i>er cent of 
the circumferenoe of the armature, instead of 60 per cent. 

70. Grouping of Armature Inductors. Drum and Ring 
Windings. While the armature of Fig. 212 is rotating in a 
clockwise direction, each armature conductor is generating 
an e.m.f. in a direction away from the reader (represented by 
a cross within the circle) ra it outs the flux under or near an N- 
X)ole, and an e.mi. toward the reader (represented by a dot 
within the circle) as it cuts the flux in the field of an jS-pole. 
These symbols will be adhered to; to remember them, the 
reader may consider that an arrow within the inductor is 
pointed in the direction of the e.m.f., and that he sees either 
the feather end 0 when the arrow and current are going 
away from him or the pointed end of the arrow O when the 
current is fiowing toward him. Notice that the direction of 
e.m.f. in the various inductors naturally divides them into 
groups, the number of groups being equal to the number of 
poles, two in this case. The neutral points (p) are the points 
which mark the boundaries between the fields of adjacent 
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pplflfl —the points where a line of flux from an ^-pole just 
touches the armature and emerges again immediatd.y to go 
to. the nearest /S-pole. The e.m.f. induced in any inductor 
reverses direction as it passes a neutral point — being in one 
direction while it is moving on one side, in the oppotite 
direction while it continues its motion on the other side, and 
zero just at the moment it passes the neutral point. The 
fipM is oomparativdy sparse or weaJr in the region betireen 
the pole tips, where the air path is long and the magnetic 
reluctance consequently high. Hence the e.m.f. throughout. 
t.Mn space is almost zero, and the neutral point is said to be 
ia the midst of a neutral zone. When the flux is distributed 
a yTnTn ftt.Tinw.11y with respeot to the centers of the poles, as it 
is at zero lo^, the neutral points are situated midway be¬ 
tween the adjacent tips of adjacent N- and iS-poles, as illus¬ 
trated in Fig. 212 at p and p'. 

To get the greatest total useful effect from all the induc¬ 
tors upon the armature, we must group them together in 
such a way that they add their effects together, and do not 
oppose one another. If we desire particularly to get high 
voltages, we connect them together so that their induced 
e.m.f.’s are in additive series. If we would rather get large 
current capacity at moderate voltage, we group part of them 
in series and aiTnilar groups in paralleL The connections 
between inductors may be made in either of two ways, called 
drum winding and ring winding rei^ectively. The drum 
winding is illustrated by Fig. 209 and 211. The end-con¬ 
nectors between the inductors are like chords across the ends 
of the armature, curving somewhat so as to pack together 
properly, require the miTiimiim amount of wire, avoid the 
shaft and permit removal of the rotor. Every armature 
conductor which is wound lengthwise of the shaft is located 
on the outside surface of the armature core, and is a useful 
indujEtor contributing to the e.m.f. of the machine. 

The ring winding produces effects exactly similar to those 
of the drum winding, and although long ago discarded on 



ALTEKNATINQ-CURRBNT QENERATOEa 301 

account of inherent defects, the diagram of it is much more 
convenient to use in explaining the action of electrical ma¬ 
chinery. A sufficient excuse for using this diagram instead 
of that for drum-wound armature is that it saves time. In 
Fig. 213, adjacent inductors, those numbered 1 and 2, for 
instance, have been placed in electrical series so that their 
e.m.f.’s are added together and not opposed, by means of a 
pmA.n radial end-connector x on the front end of the arma- 



Fia. 213. A rin^wound armature. Note that only the numbered 
conduotoTB out lines of force. The others (x, y and g) merely serve to 
connect the numbered conductors to one another. 

ture core, a conductor y on the inside of the core and another 
end-coimector z at the further end of the armature. Such 
method of connection is rei)eated successively between all 
adjacent inductors. This armature winding is called the ring 
winding and is seen to be of the closed or re-entrant type. 
None of the end-connections like x and z, nor any of the inside 
conductors like y, contribute anything to the total e.m.f. of the 
series of inductors, because they cut no lines of flux. It is 
plain that the armature circuit contains more inactive ma¬ 
terial in the form of connections like x, y, z, than of active 
material in the form of inductors like those numbered. This 
proportion is also usually higher in a ring winding than in a 
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drum winding for the same armature, resulting in a more 
expensive or less efficient dynamo for the same volts and 
amperes cax)aoity. Moreover,'the ring winding must be 
wound in place upon the armature laboriously and by hand, 
instead of being done separately by machines in formed coils 
which are subsequently laid upon the armature and soldered 
together into a complete circuit, as in the case of the drum 
winding. Finally, the inductance of the ring winding is 
greater than that of the equivalent drum winding, which 
would make an alternator have a poorer voltage regulation.* 
For these reasons, the drum winding is used universally for 
all types of dynamos, direct current or alternating current. 
However, the equivalent ring winding, on account of its 
simplicity, will be used for illustration instead of the drum 
winding wherever possible. 

In a winding like that of Fig. 213, or any equivalent re¬ 
entrant drum winding, a current could flow locally within 
the closed mesh in the armature, even without any external 
circuit or load connected, if there were any resultant e.m.f. 
acting around this mesh. Any such local circulating cur¬ 
rent would heat up the armature and reduce the amount of 
useful current and power, or load, that it could deliver to an 
external circuit. However, the resultant e.m.f. around the 
closed mesh is at every instant equal to zero in such a case as 
this, where all of the inductors are in series, f This is be¬ 
cause just as many lines of flux must leave the armature to 
return to S-poles of the field magnets, as enter the armature 
from the A^-poles, however many these poles may be. Since 
all of the inductors are attached to the armature at uniform 
distances apart, and move at the same speed through a 
symmetrically distributed fiux, the total number of entering 
lines cut per second by the inductors must at every instant 
be equal to the total number of emerging lines cut per second. 

* See Second Course, Chapter 1. 

t There may be a circulating current under certain conditions in a 
parallel-wound or two-circuit armature; see pages 407 and 470. 
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Thus the e.m.f.’s induced in the closed circuit by these two 
actions are opposite in direction and equal in value, and the 
resultant is zero volts at all moments. Therefore the fact 
that this is a closed winding does not make its electrical 
action differ essentially from that of an open winding. 

Prob. 12-6. Make a neat sketch smiilar to IBig. 213, but for a 
foui^pole ling winding with 24 inductors equally spaced. 

Trob. 13-6. In Fig. 214, the flux is assumed to be distributed 
uniformly under the face of each pole, and no flux entering the arma¬ 
ture beyond the edges of the pedes. Assuming the flux density to 


I 



Fig. 214. A simple ring-wound armature. 

be 50,000 lines per square inch at every point in the air gap between 
the armature and the pole faces, diameter of armature 6 inches, fre¬ 
quency 60 cycles, poles covering 68.3 per cent of the circumference 
of armature, length of pole-face parallel to shaft 8 inches, calculate 
the e.m.f. in each numbered inductor and the total e.m.f. in the 
closed mesh of the armature winding, at the instant shown. Calcu¬ 
late the total useful flux per pole. 

Prob. 14-6. Repeat the calculations of Problem 13-6 and And 
the e.m.f. in each numbered inductor and the total e.m.f. of the ring, 
at an instant one-quarter period later. 

Prob. 16-6. Suppose that the density of the useful flux in Fig. 214 
varies from place to place around the entire circumference of the 
armature, in such a manner that the density (in lines entering arma¬ 
ture per square inch of its surface) at any point B degrees removed 
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from-the neutrd point is represented by the equation B «= 4^^810 
X sin Conduotora 1 and 13 lie on the neutral points. Caloulate: 

(a) The flux density, lines per square inch, at the position oc¬ 
cupied by each numb^r^ inductor in Fig. 214. 

(&) The e.mi. induced in each inductor at the moment the 
armature is passing through the position illustrated in Fig. 214. 

(c) The total e.m.f. acting at this instant in the closed ring 
winding. 

Prob. 16~6. Repeat the calculations of Problem 15-6, and find 
the e.m.f. in each numbered inductor and the total e.mi. m the 
dosed ring, at an instant one-quarter period later. 

71. Tapping Points on Closed-circuit Windings. To 
get e.m.f. and current from the rotating armature to the 
stationary line wires, we must select points in the winding 
to which we may attach the sliding-contact connections, or 
collecting-rings. For a single-phase circuit having two wires, 
we need two rings. Unless these rings are attached to points 
on the winding having certain positions relative to each other, 
two difficulties will be encountered. First, the e,m.f. will be 
reduced by having some of the inductors oppose others in the 
same series or circuit; and, second, the current will be un¬ 
equally distributed in the armature conductors, resulting in 
overheating the windings and in reduced output. 

The proper location of taps depends upon the number of 
poles on the alternator. 

This will be made clear by a number of examples. Fig. 
214 shows the same facts as Fig. 213, but in a more con¬ 
ventional .way. Only the front end-connections are shown 
in Fig. 214, and the direction in which the induced e.m.f. of 
the inductors acts through the circuit is shown by arrows 
marked upon these end-connections. In a two-pole single- 
phase armature such as this, each of the collecting-rings 
should be tapped to a single point of the windings. These 
points should be chosen so that, when one of them is under 
the middle of the IV-pole, the other is at the same instant 
under the middle of the S-pole. This brings the taps dia¬ 
metrically opposite each other, as shown at a and b in Fig. 
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214. The armature winding is thus divided into two parallel 
paths between the rings« each path being a series combination 
consisting of one-half the total number of inductors. The 
total e.m.f. between rings at each instant is equal to the sum 
of the e.m.f.’s induced in all of the inductors of one path, at 
that instant, this sum being the same for each path. What¬ 
ever current may be delivered to an external circuit connected 
between the rings will be divided equally between these two 
parallel paths, because their e.mi.’s are equal and they are 
so constructed as to have equal resistances and impedances. 
To show how the total e.m.f. between rings alternates, consider 
Fig. 215 to 219, these being views of the same machine at suo- 



Fig. 216. The voltage between the rings a and 6 is a marimum at 

instant. 

cessive instants one-quarter revolution, or one-quarter period, 
apart. The e.m.f. between rings has its maximum value in 
fig. 215, because all of the series inductors in either path 
have e.m.f.’s in the same direction at this instant. One- 
quarter revolution later, as in Fig. 216, the e.m.f. between 
a and 5 has become zero, because each path has half of its 
series inductors inducing an e.m.f. equal and opposite to 
that in the other half of the same series. After another 
quarter revolution, the conditions are as in Fig. 217, and 
the e.m.f. is again at its Ttinvimiim value, but m the reverse 
direction. After another quarter period, the e.m.f. is again 
zero as in Fig. 218; and when a whole revolution has been 
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Fig. 216. The voltage between the rings a and h is now sero. The 
annature haa turned throng one-quarter of a revolution. 




Fig. 218. The annature has turned through another quarter revolu¬ 
tion and the voltage between a and h has again become aero as in 
Fig. 216. 
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completed, the cycle is complete (Fig. 219), and the e.m.f. 
is at its TnaximiiTn value again as in Fig. 216. The voltage 
between rings will depend upon the height and form of the 
wave of e.m.f. induced in each inductor, upon the num¬ 
ber and spacing of the inductors, and upon the resistance 
and reaotwce of the armature circuit and the armature 
current. 

Prob. 17-6. AwniTning a uniform flux distribution without fring¬ 
ing, under conditions as in Problem 13-6, ofdoulate the total emi. 



Fio. 219. The annature has now made a complete revolution and is 
in the same position as in Fig. 215. The voltage between the rings 
a b ia Again a mairirmiTn^ and in the same direction as in Fig. 215. 

between rings at the instant that the annature passes throu^ the 
position illustrated in Fig. 214. 

Prob. 18-0. The armature is delivering a current of 100 ampero 
at the instant it is moving through the position illustrated in Fig. 
215. How many amperes are flowing in each one of the inductors 
at tbiR instant? 

Prob. 19-6. (a) If the total induced e.m.f. between rings ia a sme 
wave of 100 volts effective value, and the current in the annature 
is also a sine wave, with an effective value of 100 amperes, but lag- 
ghg practically one-quarter period or 90 electrical degrees behind 
the induced e.m.f., w^t ia the direction and value of the current in 
each inductor at the instant the annature is passing through the 
position shown in Fig. 216, when the e.m.f. is zero? 

(5) Which inductors are opposing the motion of the annature 
(carrying current m same diction as induced e.mi., and acting 
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as generators), and which inductors are aiding the motion of the 
armature (carrying current in direction opposite to induced e jui., 
and acting as motors)? 

(c) Measuring the generator or motor action in watts, or pro¬ 
duct of instantaneous amperes and instantaneous induct vdta, 
calculate the net total generator action and motor action of the 
entire winding at the instant pictured in Fig. 216. 

' Prob. 20-6. (a) Repeat the calculations of Problem 10-6, for the 
HftTnfl effective values of voltage and current, and the same phase 
lag of current behind e.mi. (zero power-factor), but considw the 
armature at the instant pictured in Fig. 215, when the e.mi. is 

mw-iriTniiTn - 

(5) From comparison of the results of Problems 19-6 and 20-6, 
and gimflftr ones which may be solved for a number of equidistant 
armature positions, what can you say concerning the amount of 
torque and power required to ^ive a generator on a purely induc¬ 
tive load with zero power-factor? The armature resistance is 
ne^cted here. 

Prob. 21-6. Assuming the useful flux to be distributed around 
the armature so that the intensity of the fleld through which the 
inductors move at successive instants or positions varies harmoni¬ 
cally, and that B conforms to the equation given in Problem 15-6, 
calci^te the total instantaneous e.mi. between the two collecting- 
rings in Fig. 215. 

Prob. 22-6. Calculate the total emi. between rings as in Prob¬ 
lem 17-6, for succeasive positions of the armature revolution 
apart, or successive instants 15 deotrioal- or time-degreea apart, 
and covering one complete period or cycle. Draw a curve between 
time as abscissas (frequency 60 cycleB) and instantaneous volts 
between rings (zero load) as ordinates. Calculate the effective 
value of this e.mi. curve. 

Prob. 28-6. Solve Problem 22-6 for the machine described in 
Problems 21-6 and 15-6. Compare the wave-form of resultant 
e.mi. between rings with that of the e.mi. in a single inductor. 

Prob. 24r-6. Draw on tracing paper or cloth a sine curve of e.m.f. 
(e s sin 0) to the same scale of abscissas used in Problem 23-6, 
using tibie same Tnaximum vidue of e.m.f. as found to exist in the 
curve of e.mi. between rings in Problem 23-6. Lay this sine curve 
over the curve in the preceding problem, and compare the forms of 
the two curves. Does this prove to you that the sum or resultant 
of any number of sine curves of any height or amplitude, and any 
phase relation, but all of the same frequency, is also a sine curve? 
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If the taps to the two rings had been made at some other 
points on the bipolar winding, as shown in fig. 220, it may 
be shown by the same process of reasoning that the e.m.f. 
between rings or taps is alternating, but has a smaller maxi¬ 
mum value and also a smaller effective value. The sum of 
e.m.f.’B in the path apb is at every instant equal to the sum of 
e.mi.’s in the ‘p&iii ap'b. To demonstrate this, extend the 
line of a straight through the center to a\ and extend b to V. 
The sum of e.m.f.^8 between a and V is always equal to the 
sum of e.m.f .'b from b to a' at the same instant. Since these' 



Fig. 220. Note that the armature windiog is tapped at two points 00^ 
apart, instead of 180*^. 

two sums are in opposite directions in the same series path 
(apVjf they neutralize each other exactly, leaving as the 
resultant total ejii.f. of path ap'b only the inductors in the 
series Vp'a\ This total e.m.f. is seen to be the same in value 
and toward the same ring as the total e.m.f. in the other path 
apb. The position of the armature in Fig. 220 is such that 
both of these totals have zero value. Hence if the total 
e.m.f .’s in the two parallel paths are equal, any current which 
may be delivered to the external circuit through the rings, 
will be divided unequally between these paths, the path apb 
carrying a much larger share than the path ab'p'a'b, because 
its impedance is less, it having fewer turns. If the impedances 
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were of the same ratio as the resistaacea, the former would 
carry three times as much current as the latter. In Fig. 221 
the e.mi. between nngs has its maximum vdue, which is 
seen to be less than the maximum in Fig. 215 for the same 
armature. 

The result of a comparison between this case and that 
where windings were tapped at diametrically opposite points 
shows that for a two-pole machine the greatest alternating 
6.mi. is obtained when the armature windings are tapped 



Fig. 221. Armature tapped as in Fig. 220. Note that the e.m.f.’s in 
that part of the armature between a and b* exactly balance and thus 
deliver no e.mi. to the rings. The same is true of the conductors 
between h and a'. The maximum e.m.f. is thus less than when 
tapped as in Fig. 216| whefre there are no conductors which neutralize 
one anotheTi when the armature is in the position where the TnATinruim 
total emi.f. is generated. 

at points diametrically opposite each other. When tapped 
at any other points the e.m.f. is less and the current distri¬ 
bution in the windings will not be uniform. 

Prob. 25-6. Under the conditions stated in Problem 13-6, cal¬ 
culate the form of the e.m.f. wave produced between rings tapped 
as in Fig. 220. After drawing the e.m.f. wave to scale, calculate 
the ^eotive value of the e.m.f. Compare these results with those 
of Problem 22-6. 

Prob. 26-6. Under the conditions stated in Problem 15-6, cal- 
culate the form of the e.m.f. wave produced between rings tapped 
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as in Fig. 220. After drawing the e.m.f. wave to soale, caloulate 
the effective value of the e.m.f. Compare with results of Problem 
23-6. 

Prob. 27-6. (a) At rated full load a certain two-pole single-phase 
ring-wound armature like that in Fig. 215 delivers from its rings a 
current of sine wave-form and 100 amperes effective value; what 
should be the effective value of the amperes flowing in each path^ 
or in each inductor? 

(6) If the two rings are tapped as in Fig. 220, is the effective 
value of current the same for all inductors in both paths? Com¬ 
pare the values of the current in each conductor of a single path. 

(c) Assuming the impedance of either path to be proportional 
to the length of conductor in the path, calculate the ratio of the 
effective amperes in one path to the effective amperes in the other 
path. 

(d) In wliat ratio are the watts used up in heating each path in 
fig. 220 greater than they would be when delivering the Bam6 am¬ 
peres output, if the two rings were properly tapped as in Fig. 216? 

Prob. 28-6. In Problem 27-6, by what percentage are the total 
watts lost in the whole armatiire greater or less when tapped as in 
Fig. 220 than when tapped properly as in Fig. 215, mwiiTniTig the 
same amperes output in both cases and the same winding? 

Prob. 29-6. By what percentage must the amperes output be 
changed from rated full-load amperes, if this machine is tapped as 
in Fig. 220 instead of properly as in Fig. 215, in order that the total 
rate of heat development in the whole armature winding shall not 
be above that permitted at rated full load? 

Prob. 80-6. The percentage reduction in load capacity due to 
incorrect tapping of the collecting-rings is really determined more 
by the local heating of particular inductors or paths than by the 
average heating of the entire armature. By what percentage must 
the amperes output from the rings be reduced below rated full-load 
amperes output, when tapped as in Fig. 220, in order to preveat any * 
single inductor from de^opir^ heat faster than it would develop 
at rated full load when the same winding is tapped properly as in 
Fig. 215? 

72. Armature Taps for a Synchronous Converter. The 
method of obtaining a direct current from this same arma¬ 
ture by applying a commutator is illustrated in Fig. 222. 
The segments of the commutator are thoroughly insulated 
from one another and from the frame; they are tapped to 
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equidistant points of the armature winding, these taps vir¬ 
tually dividing the winding into coils. In fact, the few ring- 



Fia. 222. The armature of lig. 213-221, tapped and oonnected to 
oommutator bo as to deliver direct ouirent. 



Fig. 223. A ring-wound armature in which the winding oonsista of 
equally-spaoed coils of equal number of tuma each. 

wound machines which are manufactured, have their wire 
wound on in equidistant coils of equal number of turns as in 
Fig. 223, the adjacent ends of adjacent coils being soldered 
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Fig. 224 . A nng-wound armature in the process of oonstniotioiL 
The coils are wound on the oore by hand. Port Waytie Works, 



Fig. 226. The finished rmg-wound armature of Fig. 224. Note that 
adjacent coils are soldered together, and leads brought from the 
juncture points to the commutator segments. 
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together. For a direct-current machine, the junction points 
of coils are tapped to the commutator bars. See Fig. 224 
and 226. 

The same winding may deliver both direct current and 
alternating current at the same time; it is then called a 
double-current generator. Fig. 226 shows the connections 
for this puri)Ose to be merely a combination of those in Fig. 
222 and 216. Instead of tapping separately from the wind¬ 
ings to the commutator bars and to the collecting-rings, it is 



Fig. 226. The armature of Fig. 213-222 tapped and furnished with 
both ooznmutator and ooUeoting-rings. It can thus deliver both 
direct and alternating current at the same time. This is also the 
method of tapping a synchronous converter. 


possible to tap from the rings to the proper commutator bars. 
Thus, single-phase alternating current may be had from any 
direct-current generator, simply by mounting upon the shaft 
two insulated rings and connecting them to commutator 
bars separated by a proper distance. A synchronous con¬ 
verter or a Dobrowolsky three-wire direct-current generator 
could be improvised in this way. 


Prob. 81-6. When the speed and field excitation of a two-ring 
double-current generator film that in Fig. 226 are such as to pro¬ 
duce 220 volts direct current at the terminals N and P, the e.m.f. 
between the rings a and b is about 160 volts effective. If the total 
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load of 10 kw. were equally divided between the altematizig-curient 
and the direot^uirent drouits, how many amperes must be delivered 
to each drouit? The altemating-ouirent cirouit is non-inductive. 

Prob. 82-6. Suppose the dynamo shown in Fig. 226 were oper¬ 
ating as an “inverted’^ converter (that is, converting direct e.mi. 
to alternating e.mi.), taking direct current from 220-volt mains 
and ddivering alternating current at 160 volts. When delivering 
10 kw. to the single-phase altematiag-current circuit at unity powers 
factor, it operates at an effidency of 88 per cent. What is the 
alternating-current amperes output and the direct-current amperes 
input? 

Prob. 88-6. If the converter of Problem 32-6 were delivering 
iiB 10 kw. to an inductive load having a power-factor of 0.8, what 
would be the amperes and kilovolt-amperes on the alternating- 
current side, and the amperes and kilowatts on the direct-current 
side? The efficiency in this case is 86 per cent. 

Prob. 84-6. By inspection of Fig. 226, what relation do you 
observe between the ejn.f. B,t the direct-current brushes and the 
TnaxjinuTn instantaneous value of the alternating e.m.f. between 
the ooUecting-ringB? Draw a sketch of this machine as it appears 
at the instant when the alternating e.m.f. between rings has zero 
value. 

Prob. 86-6. If the e.m.f. between rings in Fig. 226 were exactly 
of sine wave-form, what would be its effective value when the e.m.L 
between direct-current terminals is 230 volts? 

73. Multipolar Alternators. When we consider a four- 
pole alternator with a closed winding, we find that the method 
of tapping must dififer from that which is proper for a two- 
pole alternator. Fig. 227 illustrates the same ring-wound 
armature.used in the preceding figures, but without any col¬ 
lecting-rings attached, and placed in a four-pole field. It 
will be noticed that the same inductors are now naturally 
divided into four groups or zones, giving four neutral points 
p between groups, instead of two. The inductors in each 
cutting zone are adjacent to each other and all of them have 
e.m.f. in the same direction. The conventional sketch, with 
direction of the e.m.f.'s marked on the end-coimections be¬ 
tween inductors, is shown in Fig. 228. The total resultant 
e.m.f. around the closed ring is zero, notwithstanding the 
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Fig. 227. The armature of the preceding figures placed in a four 
pale fidd. Note that there are now four neutral sones. 



Fig. 228. The direction of the induced e.m.f. in eadh inductor is here 
shown in the conventional way for the conditions of Fig. 227. 
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increased number of poles ai 
Fig. 229 and 230 show two 
positions of a single-phase or 
two-iing armature, tapped 
at two diametrically oppo¬ 
site points, as was shown in 
Fig. 216 to be proper for a 
two-pole field, but here used 
with a foun-pole field. In 
both of these positions, as 
in any position which the 
student may choose to draw, 
the e.mi. between the rings 
is zero. That is, a clos^ 
armature winding tapped 
properly for two poles will 
not deliver anything when 
used with a four-pole field. 



Fig. 280. The armature of Fig. 220 
turned 00 eleotriaal degrees. Still 
there is no e.mi. induced across 
the lings. 

same instant the other point is 


the new grouping of inductors. 



Fig. 220. The armature tapped for a 
two-pole field and placed in a four- 
pole field. Note that the e.m.f. 
across the is zero. 

In order that altemating-cuirent 
annatures be interchange¬ 
able they must be not only 
magnetically and mechani¬ 
cally similar, but they must 
be wound for the same num¬ 
ber of poles. 

. When the dosed winding 
is used with a foux^pole 
armature, each ring should be 
tapped to two points which 
are electrically similar — 
that is, so located that there 
is no voltage between them, 
or BO that one of these points 
of the winding is xmder the 
middle of one iST-pole at the 
at the middle of the other 


iV-pole. Leads from these two tapping points then go to 
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the same riBg. Two oorrespondiDg taps are taken from 
points directly under S-poles and brought to the other 
ling. The taps for one ring should be located in such a 
way with respect to the taps .of the other ring that 
all of the parallel paths through the armature between 
the two rings shall be exactly siinilar — that is, an equal 
number of series inductors in each path, giving equfd 
total e.m.f.’s and equal resistances. In this way only will 
the total armature amperes be divided equally between the 



Fia. 281. The armature of the preceding figures properly tapped for 
a fou>pole field. It ia now at the position of maximiini voltage 
between the rings. 

paths, so that every inductor C£i!rries equal current and is 
equally heated, and the total volts and amperes are the 
greatest posedble to be obtained from the winding. Thus, 
Fig. 231 ia a single-phase ring winding tapped properly for 
four poles, pictured in the position where the instantaneous 
e.m.f. has its maximum value, in what we may choose to 
call the positive direction for the various circuits. Fig. 232 
shows the same winding at an instant one-quarter period 
later (note that this corresponds to one-eighth revolution 
in a four-pole alternator), when the e.m.f. between rings is 
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zero. Fig. 233 shows the winding again at an instant ono- 
half period later than Fig. 231, or when the 6.nLf. between 



Fiq. 232. The armature 90 deotrioal degrees ahead of its poedtion in 
Fig. 231. The e.m.f. here is zero. 



Fig. 233. The armature 90 eleotrioal degrees ahead of its poedtion in 
Fig. 232 and 180 deotrical degrees ahead of its position in Fig. 231. 
The e.m.f. between rings is again a TnA.yimnm but in the opposite 
direction. 

rings has its maximum value in the opposite or negative 
direction. If the rings are connected to a load, and the 
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entire drcuit is non-induotive, then the current in every 
inductor mil be in phase mth the total induced ejui., and 
the arrows in Fig. 231 will represent the direction of cuiv 
rents m well as e.in.f.^s in every path or part of the circuit. 
These pictures show the manner in which a current whose 
instantaneous, value is 100 mrperes in the external oirouit 
would divide imder these conditions. If taps b had not 
been located exactly midway between taps o, the result 
would have been that two of the four parallel paths through 
the armature would have been shorter and of lower impedance 
than the other two, and the current and heating in the short 
paths would have been excessive, for the same (rated full 
load) amperes output from the collecting-rings. The volts 
also between rings would have been reduced, and both of 
these defects would cut down the power which could be de¬ 
livered from the generator without injuring it. 

From the foregoing, a general rule might be deduced, to 
tap any multipolar winding for two rings. 

Holding the rotor stationary in any position, attach one of the 
two lings to all points on the winding situated directly under the 
middle of North poles, and attach the other ring to aU points 
situated in corre^onding positions, directly under the middle 
of all South poles. 

Thus, in an eight-pole two-ring closed winding, each ring 
would be tapped to four equidistant points of the winding, 
the taps from one ring being midway between the taps from 
the other ring. 

Winding schemes for single-phase alternators are explained 
in Chapter IX. 

Prob. 8S-6. (a) Draw a rin^e-phase ring-wound armature m 
a six-pole field. 

(&)' If the armature has altogether 24 inductors, how many io- 
ductors are there in series in each of the parallel paths? 

(c) If this machine is rated to deliver 120 amperes at 120 volts, 
what is the total effective volts generated in each path, and the 
amperes delivered by each path? 
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Prob. 87-6. The armAture of a two-pole am^e-phase alternator 
has been biimed out, and to resume operation again as quiokly as 
possible,^someone proposes to insert another spare two-riog anna- 
ture that happens to available of the same dimensions and rated 
voltage and amperes capacity. This armature, however, was wound 
and tapped for a four-pole held. 

(a) Dmw itches to show the new armature in positions of 
mayiTmiTTi and zero total instantaneous e.m.f. in the two-pole field, 
and explain whether or not it will operate, and why. 

(t) If you decide that it will not operate, how would you change 
it to make it operate? 

Prob. 88-6. One of the taps between the winding and one ring 
of a sin^phase foui^pole alternator with a closed winding, having 
been insecurely attached originally, becomea disconnected. 

(a) By what percentage is the current in each path thereby made 
greater or less than it s^uld be, when the alternator is delivering 
its rated full-load current to the external circuit? 

(h) On account of this mishap, what is the greatest percentage 
increase, and the greatest percentage decrease, in the watts heat 
loss in any armature conductor, at rated full-load amperes output? 

ITote. To obtain percentage values, as in the above problem, the 
exact value of total volts or amperes delivered by the armature or of 
resistance or impedance per inductor in the armature winding, are im¬ 
material beoause they cancel out in the computation. Any voltage or 
any current or any resistance per conductor may be assumed, provided 
only that these values are adhered to throughout the calculations. The 
effects of armature reaction are neglected in this problem. 

Prob. 88-6. What is the greatest percentage of rated full-load 
current output that could be delivered from the alternator in 
Problem 38-6 without heating the entire armature at a total rate 
exceeding that permitted at rated full load? 

Prob. 40-6. If no single inductor may be permitted, without 
danger, to develop heat at a wattage rate greater than it does at 
rated full load with the machine in good working order, by what 
percentage must the full-load output be reduced on account of the 
breaking of the tap in Problem 3^7 



SUMMARY OP CHAPTER VI 


AN ELECTROMOTIVE PORCE is generated whenever there 
is r^ttve motion between a conductor and a magnetic field 60 
that one cuts the other. 

IN A DIRECT-CURRENT GENERATOR it is always the 
conductors (forming the armature) which move. 

IN AN ALTERNATOR either the conductors or the field 
may move, although usually it is the field. THUS RBVOLVINQ- 
VIBLD alternators are the more common, the field coils being 
ezdted by a direct current from an outside source. 

THE INSTANTANEOUS E.M J". in any conductor may be 
found from the following equation: 

Brv 

e “ o 1 
10 ® 

where 

e = ejnJ. at any instant. 

B = density of flux in which the conductor lies at tiiat 
instant. 

I » cutting length of the conductor. 

V = relative speed of Add and conductor at given instant 

B, { and V must all have same LENGTH units. 

THE ARMATURE WINDING of a closed-circuit alternator 
is exactly the same as that of a closed-circuit direct-current 
generator, and an alternating emi.f. is induced in both. 

THE COMMUTATOR serves as a reversing switch for the 
direct-current generator and rectifies the voltage delivered to 
the terminals. 

THE COLLECTING-RINGS are used in a single-phase alter¬ 
nating-current generator, in the place of the commutator. Taps 
are brought to these rin^ in such a manner that the greatest 
possible ejn.f. exists across them., 

ONE RING IS ATTACHED to all points situated directly 
under the middle of all North poles; the other is attached to all 
points situated under the middle of all South poles at the same 
instant Any other method of tapping the armature winding and 
attaching it to the collecting-rings results in a lower e.m.f. and 
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unbalanced currents in the armature windings; hence a smaller 
output. 

THE OUTPUT OF A GENERATOR is limited by the maxi¬ 
mum heating of any single armature conductor. 

BOTH COMMUTATOR AND COLLECTING-RINGS may 
be attached to the same armature winding. Thus the same 
machine may supply both altemating and direct currents at the 
same time, as a double-current generator. Or it may receive 
alternating-current power at the collecting-zings to drive it as 
a motor, and deliver direct current from the commutator, as a 
generator, or vice versa. In this case it is called a eynchronous 
converter 



PROBLEMS ON CHAPTER VI 


Prob. 41-6. Draw a curve to rectangular coardinates, to illua- 
trate the distribution of useful flux around the armature in Problem 
1 &-6. As abacisaaa use the position of some point on the moving 
armature^ measured in mches of its path mov^ through after pass¬ 
ing the neutral point; the corresponding ordinate will be the field 
intensity of the useful flux entering the armature at this point, or 
B as obtained from the equation. Plot entering flux upward from 
the zero of B, and emerging flux downward, and make the curve 
cover an entire revolution of the armature. Calculate also the total 
useful flux per pole of this machine, as detennined from the area of 
this curve, or its length and average height. Compare this value 
with the total flux per pole in Problem 13-6. 

Prob. 42-6. The armature of Fig. 215 produces throu^ an 
external short-circuit between the rings a sine wave of current whose 
effective value is 100 amperes. If ’^e inductive reactance of the 
armature is five times as great as its resistance, redraw Fig. 216, 
216,217 and 218, showing the direction and value of the current in 
each inductor for these positions of the armature when operating 
under these conditions. 

Prob. 48-6. The armature of Fig. 215 has a total induced e.mi. 
of 230 volts between rings and delivers current to a circuit whose 
total resistance, including the whole armature, is 4 ohms and total 
inductive reacWce 3 ohms. Calculate: 

(а) The effective amperes delivered from the rings. 

(б) The effective amperes delivered by each path. 

(c) The instantaneous amperes in each of the inductors on the 
armature in the position pictured in Fig. 215. 

Prob. 44r-6. If we decrease the flux per pole by 30 per cent with¬ 
out altering the frequency, in an^temator which before the change 
was delivering 220 volts at the terminals, what voltage do we get? 
Zero load. 

Prob. 46-6. If we reduce the frequency of a 60-cycle alternator 
to 26 cycles without altering the field excitation, by what percentage 
is its terminal voltage (at zero load) increased or diminished? 

Prob. 46-6. If we,increase the frequency of a 26-cyolo alters 
nator to 60 cycles and desire to keep the same terminal voltage, 

824 
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by wbat percentage must we increase or diTninish the useful flux 
per pole? Assume zero load. 

Prob. 47-0. Solve Problem 27-6 on the supposition that the 
builder, in attempting to tap the rings properly as in Pig. 215, or to 
inductors 1 and 13, made a slight mistake of one inductor, and got 
the rings tapped to inductors 1 and 12. 

Prob. 48-6. Solve Problem 28-0 for the conditions stated in 
Problem 47-6. 

Prob. 49-6. Solve Problem 29-6 for the conditionB stated in 
Problem 47-6. 

Prob. 60-6. Solve Problem 30-6 for the conditions stated in 
Problem 47-6. 

Prob. 61-6. Would there bo any objection to using a ring-wound 
armature tapped for two poles, in a four-pole held, provided it 
were mechanically suited to the new location? 

Prob. 62-6. If the armature of a two-pole alternator had burned 
out and a spare armature of exactly the same dimensions and rated 
voltage for a similar four-pole alternator were available, could it be 
used or not? Explain. 

Prob. 68-6. A four-pole single-phase ring-wound alternator has 
the same number of uniformly-spaced inductors as a certain other, 
single-phase ring-wound alternator having two poles. How must 
the amount of flux per pole compare in these two machines, in 
order that they may both give the same e.m.f. between rings, at 
same speed at zero load? 

Prob. 64r-6. If all dimensions of the armature are the same in 
both of the alternators of Problem 53-6, how do their armature 
raistances compare (as measured between rings}? Allowing the 
same total watts 7*12 loss for the entire armature in both cases, what 
is the ratio between the permissible amperes output from the rings 
in these two machines? 

Prob. 66-6. If the two alternators of Problem 63-6 were oper¬ 
ated with the same flux per pole, how would their terminal e.m.f.*s 
compare? How would the Wowatts capacity at unity power-factor 
compare, taking into account also the results of Problem 54-6 ? 

Prob. 66-6. (a) If the two alternators of Problem 53-6 were re¬ 
quired to operate at the same frequency, how would their speeds 
compare? 

(6) Having the same number of inductors per pole, but with 
these relative speeds, how should the total flux per pole compare 
when producing the same terminal e.m.f. at zero load? 



CHAPTER yn 

ALTEIRNATING-CDBRENT GENERATORS: POLYPHASE 


Mastbbt of the principles set forth in this chapter will 
enable the student to understand the actions and relationa 
in any network or system of interconnected alternating- 
current circuits. It should be imderstood, however, that 
most of the demonstrations given refer to a distributed 
ring winding only. The ring winding enables us to under¬ 
stand quite easily what is meant by a polyphase alternator. 
Usually polyphase alternator windings are of the open- 
circuit drum type, as will appear in Chapter IX, but the 
ring winding enables us to work with the polyphase idea 
more directly. Moreover, the polyphase ring winding illus¬ 
trates very closely a polyphase synchronous converter 
vending. 

74. Two-phase Alternator: Meaning of Lead and Lag . 
Consder the same two-pole ring-wound armature pictured 
in £lg. 216, having altogether 24 inductors, or 24 coils, each 
containing as many inductors as may be necessary to deliver 
the required e jn.f. at the rings. Suppose four collecting-rings 
to be mounted upon the shaft instead of two, and let one pair 
of the^ rinp ri be tapped to diametrically opposite points 
of the winding, as Oi and bi. Fig. 234. The other pair of 
rings Ti will be tapped also at diametrically opposite points, 
as Os and bj; but the points oi to bi will be chosen midway 
between the points oi to bi- From Mg. 234 it will be seen that 
the e.m.f. Oi to bi has its i««T}Tniitii mstantaneous value at the 
same moment that the e.mi. Oi to bg has its zero instantaneous 
value. From Fig. 235, representing conditions at an instant 
one-quarter xwriod later, it is seen that the e.m.f. ai to bi has 
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decreased to its zero value while the e.mi. Os to &i has ia- 
creased to its maximnm value. If the vaxiations of ejni. 





Fia. 234. The armature is tapped at four points. The voltage acrosB 
the points oi-hi is at a Tnaxinnim at this uiBtaat> while the voltage 
aoross or^ is zero. Oi-hi and or-Jh thus have a phase difference 
of90“. 



Fig. 236. The armature of Fig. 234 has turned through 90 aLeotrioal 
degrees and now the voltage aoroBS ai~&i is zero while the voltage 
across or-ba is TUMmiiTn , 

across both ri and were observed for one or more complete 
cycles, it would be seen that the form of the e.m.f. waves and 
the maximum and effective values of e.m.f. across these two 
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pairs of rings are equal, but that there is a phase difference 
of one-quarter period, or 90 electrical degrees, between them. 
If the direction of e.mi. from the a ring to the h ring is chosen 
as positive in both pairs (ai to bi, and 02 to bs), or if the e.in.f. 
from b toward a be chosen as positive in both pairs (bi to Oi, 
and b* to 0 ®), then in either case the e.rnJ. across n would be 
said to lead the e.m.f. across t% by 90 degrees (for direction of 
rotation as shown) ; because the voltage across oi to bi would 
reach its value in the direction chosen sa positive, 

just oneKjuarter period before the voltage across a® to bi would 
reach its rnn-TiTmiTYi v^ue in the direction chosen as positive. 
But if the positive direction across ri is chosen ai toward bi 
while the positive direction across r® is chosen b® toward a®, 
then the e.m.f. across n would be said to lag behind the e jn.f. 
across r® by 90 degrees; because the former would then reach 
its maximmn vaJue iu the direction chosen as positive, just 
one-quarter period after the latter would reach its maxiTmiTn 
value in the direction chosen as positive. It is thus seen 
that lead and lag ^ descriptive terms having a purely rela- 
. tive and not an absolute meaning, when applied to separate 
circuits. The same phase difference, say of 120 degrees, be¬ 
tween the currents in circuit A and in circuit B, may be 
described accurately either as I a leading Ib by 120 degrees, 
or as IA lagging behind Is by 60 degrees, depending upon 
which direction through each of the two circuits is chosen to 
be called the i)ositive direction. When we are dealing with 
' e.m.f.’e or currents, or current and e.m.f., in one and the same 
circuit, however, the terms lead and lag have very definite 
mAA.TimgH not dependent upon the actual direction chosen as 
positive, because the chosen positive direction refers to every¬ 
thing that goes on in the same circuit. Thus, when one e.m.f. 
reaches its Tna.TiTTmTn positive value one-quarter period before 
another e jn.f. acting in the same circuit reaches its maximum 
positive value, the first e.m.f. without doubt leads the second 
e.m.f., no matter which direction through the circuit is chosen 
as positive. The first thing to be done, therefore, in solving 
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problems mth any combinatioii of different oirouita in which 
the ejni.’s or currents are not in phase, is to choose, for each 
drcnlt, one direction which is to be called positlTe. Only 
then may vector diagrams be drawn to have any definite 
atiH certain mAaTn'-ng . 

76. Closed-circuit Two-phase Systems must liave Four 
Line Wires. The two-wire or single-phaae circuit con¬ 
nected across rings n iu Fig. 234, we shall call Phase 1; the 
other single-phase circuit connected across rings ra, we call 
Phase 2; these two circuits considered together are called 
a two-phase (four-wire) circuit It has been explained in 
Chapter III how in some two-phase circuits the number of 
wires is reduced to three by combining two of the four wires 
into one. To do this in Fig. 234 would be equivalent to 
connecting a short-cirouit externally between tap oi and 
either or oi, or between tap and either haot oa. In any 
case, a section of the armature winding, generating a very 
considerable effective e.m.f., would be short-cirouited and 
burned out. It is, for this reason, impossible to distribute 
two phases from a closed type armature winding by means 
of three wires. This limitation does not affect most alterna¬ 
tors, because they usually have open windings, but it does 
prevmt a synchronous converter from being connected to 
any three-wire two-phase system, except through transform¬ 
ers (see Second Couree, Chapter IX). 

76. Four-phase Alternators. The closed winding tupped 
at four electrically equidistant points to four collecting-rings, 
as in Fig. 234, may be considered also as a four-phase alter¬ 
nator. According to the ordinary definition, a two-phase 
circuit is any combination of wires from which two Himilftr 
e.m.f.’s of equal value and 90 electrical degrees phase dif¬ 
ference may be obtained. Such circuits usually have four 
distributing wires, but may sometimes have only three. No 
other phase relation, even between similar e.m.f.’s of equal 
value, vmuld permit the combination to be called a two- 
phase circuit, in accordance with usual custom. The two- 
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phase generator is often called a “quarter-phase” generator, 
because the e.mi.’8 in the two sin^e-phase drouits which 
may be connected to it have one-quarter period, or 90 elec¬ 
trical degrees, phase difference. 

In the ordinary quarter-phase alternator with open wind¬ 
ing, the connection between the two phases is merely mechan- 
icd magnetic, and not usually electrical unless th^ are 
connected somewhere to a three-wire distributing system. 
That is,' if you were to test out the four terminals of the 
quarter-pham armature winding with a voltmeter, you would 
be able to find only two combinations of two wires which 
would defect a voltmeter. These would be separate pairs 
with no electrical connection between them and each pair 
would be one of the phases. But in Fig. 235 you may 
obtain four additional combinations or pairs of tenmuals 
which would deflect a voltmeter, namdy oi to Oi, Os to hi, bi 
to ba, and hi to oi. A separate two-wire or single-phase cir¬ 
cuit could be connected to each of these pairs of terminals, 
and current could be takm from all at once, or from any one 
pair or combination of pairs. If positive directions in these 
various circuits be chosen as oi to oi, Og to hi, hi to ha, and ha 
to oi (that is, in uniform or continuous rotation around the 
closed mesh or ring), then the ejn.f. Oi to oa leads the ejn.f. 
Oa to hi by 90 electrical degrees or one-quarter period; Oa to hi 
leads hi to ha by 90 degrees; hi to ha leads ha to oi by 90 de¬ 
grees; and ha to Oi leads Oi to oa by 90 degrees. Although 
the four circuits are all alike as far as the voltmeter readinp 
show, each differs in phase from the neact adjacent by the 
same amount, or 90 degrees, hence they are said to form a 
four-phase circuit when considered all together. 

The four terminals of a two-phase machine with closed 
winding therefore form a four-phase as well as a two-phase 
circuit. The difference between the two-phase and the 
four-phase from the same machine is very real os far as con¬ 
cerns the value of the voltage, because a voltmeter connected 
across any sin^e phase (as ciOj) of the four-phase combi- 
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nation would show a veiy different reading from that ob¬ 
tained when it is cozmeoted across either single phase (as 
Oi&i) of the two-phase combination. In fact, it may be seen 
from the way ther groups or circuits which generate these 
e.m.f.^a in the armature winding are made up in Fig. 235, 
that the e.m.f. (jaJh) of one of the two-^hase drcuits is at 
every instant equal to the resultant of the e.m.f.'s of two 
(oiOi and aj>^ of the four-phase circuits. This is equivalent 
to saying that the effective voltage (ai to &i) Is equal to the 
vector sum of the effective voltages (oi to os) and (oa to &0 
when the positive directions are chosen so as to coincide. 

77. Relation between Two-phase and Four-phase 
E.M J'.’s. To get the numerical relation between two-phase 
and four-phase voltages in Fig. 235, we begin by deciding 
what shall be considered the positive direction of e.m.f. in 
every part of the armature winding. As before, let us assume 
that a current is flowing in the positive direction in the wind¬ 
ing when it passes from one inductor towards the next one 
counted in a counter-clockwise direction around the closed 
circuit of the armature. That is, oi to oa, os to 5i, 5i to 
6 a' to Cl. An e.m.f. is positive when it tends to produce a 
positive current. This is equivalent to saying that the e.m.f. 
in any coil or division of the armature winding is positive 
while that coil is rotating in a clockwise direction under a 
North pole, with, the armature wound as in Fig. 235. In a 
ring winding, any one coil attains the mavinmiTTi instanta¬ 
neous value of e.m.f. at the moment the middle of the coil 
passes through the point where the useful flux is most dense 
—in this case, under the middle of a pole. Now, with clock¬ 
wise rotation, as in Fig. 235, the middle of coil Oabi passes 
under the middle of AT-pole just one-quarter revolution (cor¬ 
responding to one-quarter period, or 90 degrees in a two-pole 
machine) after the middle of coil OiOs passes under the middle 
of the same ^-pole. The middle of coil 6162 passes the middle 
of the N-pole just one-quarter period after middle of coil a^bi 
passes middle of same N-pole and so on, as the armature con- 
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tinues to tum. This is equivalent again to saying that the 
e.m.f. Of to &i lags 90 degrees behind e.m.f. Oi to os; e.m.f. bi 
to bi lags 00 degrees behind ejn.f. Oa to &i; 6 .ni.f. hi to Oi lags 
00 degrees behind e.ni.f. to and e.mi. oi to oa lags 00 
degrees behind e.mJ. ^ to oi* 



Fici. 236. Note in Fig. 234 that 
the voltage bHh leads the voltr 
age hr-oi by The resultant 

hrHi iSi diereforei the veotor 

sum of these two sinoe they 

are in series. 



Fig. 238. The voltage across 
aj>i leads the voltage acroBS 
6i6i by 90®. The resultmt 
voltage of the two in series 
is ajbt. 



Fig. 237. The voltage across 
hiOi leads the voltage aaross 
oioi by 90®. The resultant 
vdltage aaross the two is baOs. 



oioi of Fig. 234 leads the 
voltage across oa&i by 90®. 
The resultant voltage of th^e 
two in series is ai&i. 


78. Vector Diagram for E.M.F. Relations in a Four- 
phase Alternator. The vector diagrams to show these 
relations are as given in Fig. 236, in which the same length 
of vector is chosen to represent the effective value of voltage 
across any one of the four pheises. The vectors are all con¬ 
sidered to be rotating counter clockwise as usual, at the rate 
of one complete revolution per cycle. Fig. 236 shows the 
relations between (bi to bi) and (&s to ai) and their resultant 
(since they are in series), which is (6i to ai); Fig. 237 shows 
the. relations between {bi to ai) and (ai to 02 ) and their re- 





A-C. 0ENERAT0B8: POLYPHASE 


333 



Bultont in series, which is (5* to fla) J Kg. 238 shows the relflr- 
tions between ( 6 i to 6 a) and (oa to bi) and their resultant in 
series, which is (oa to 6 a); Fig- 239 shows the rdatibns between 
(oi to 6 i) and (oi to Oa) and their resultant in series, which is 
(fli tp 6 i). Fig. 240 combines all of these preceding vector 
diagrams, and shows the rela¬ 
tionship, both as to phase and 
value, between ell the various 
ejn.f.’s which it is possible to 
measure on this fouivrmg al¬ 
ternator, All the e.m.f.’B are 
drawn to the same scsde. In 
this assembly diagram it is 
easily seen that the e.mi.’s 
( 6 i to &a) and (oi to Oa) are of 
equal effective value but oppo¬ 
site phase; and e.m.f.'’B (62 to 
Ui) and (oa to 61 ) are of equal 
value but opposite phase. Also, 
we see that e.m.f. ( 6 a to Oa) is 
equal and opposite to e.m.f. 

(oa to 6a), which is, of course, true because these two e.mi.’s 
are taken between exactly the same points, the difference 
being only in the direction which is chosen to be positive. 
That is, the e.m.f. (oi through Oa to 61 ) iB of the same value 
and phase as the e.m.f. (oi through 6 a to 61 ); and of the same 
value but opposite phase to the e.m.f. (61 through 62 to ai). 

Bsversmg the direction called i)ositive in any circuit 
changes all the phase relations between it and any other cir¬ 
cuit by just 180 degrees, or reverses the vector representing 
the e.m.f.’B and currents of that phase in any diagram, just 
as though we had reversed the connectionB while keeping the 
positive direction fixed. 

Notice also, in Fig. 240, that the effective 6 .m.f. per phase 
of the two-phase circuit is represented by the diagonal of a 
square and is equal to V2 (or 1.414) times the effective e.m.f. 


Fio. 240. The vector diagram 
. oombiziing the vector diagrams 
of li^. 286-230. This diagram 
shows the voltage across the dif¬ 
ferent parts of the Bjmature in 
their true values and phase re- 
lations to one another. 





334 ALTEBNATINQ-CUBRENT ELECTRICITY 

per phase of the four-phase circuit. This ciiagram would 
represent conditions just as truly for a four-ring machine 
of any number of poles, if it were tapped symmetrically. 
Drawing a vector diagram to represent these relations, of 
course, presumes that the emi.’s in all phases are sine 
waves, which is practically true in most machines, but may 
not be strictly so. ‘ Any scale of voltages may be used, de¬ 
pending upon the particular values of speed, useful flux per 
pole, and number of inductors per pole, used in the particular 
machine to which the diagram refers. 

79. The Currents in the Coils of a Two-phase Generator. 
Balanced Load. By similar vector diagrams we may find 
the relation between the amperes in each line wire and the 
amperes in each armature coil. The amperes delivered from 
rings Ti are drawn equally from the two parallel paths Oiojbi 
and ttihahi. The amperes delivered from rings r 2 are drawn 
equfdly from the two parallel paths and osai&s* The 
e.m.f.’s in one of these phases (or pair of paths), through the 
winding, are 90 degrees out of phase with the e.m.f.’s in the 
other phase (or pair of paths). If the currents in the two 
phases have identical phase relation to the corresponding 
e.m.f.^8 which produce them, or have equal power-factors, 
then the current in paths'os&i&s and CLgaJh lags behind the 
e.m.f. across rings r 2 , by the same amount that the current 
in paths O/ioJbi and lags behind the e.m.f. across rings fi. 
That is, the phase difference between the currents in path 
aiojbx or path and the currents in path or path 
(hP.Jhi is 90 degrees, because the phase difference between 
the e.m.f. across rings ti and the e.m.f. across rings r 2 is 90 
degrees, and each current lags the same amoimt behind its 
e.mi. Now any single coil in the armature is common to two 
paths; for instance, the coil aia 2 is common to path aia 2 &i 
and path And since the currents in these two paths 

are 90 degrees out of phase, it follows that the current in coil 
aiO^ is actually the vector resultant or sum of two currents 
differing in phase by 90 degrees, each current being equal in 
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value to on&rhalf of the amperes delivered to one of the phases, 
or to one-half of the current delivered from one of the rings- 
Thua, to take a concrete example, suppose the' alternator 
illustrated in Fig. 240a, which is merely Fig. 234 repeated for 
convenience, is operating two-phase, and delivering 100 am¬ 
peres from rings ri to Phase 1 and 100 amperes from rings r% 
to Phase 2, both phases having equal terminal pressure of say 
230 volts, and equal power-factors. The 100 amperes from 
taps Oi and hi to Phase 1 are made up of 50 amperes from 



Fiq. 240a. The coil cxiOi is in one path which carries half the ouirent 
of phase 1 and is also in one path which carries half the current of 
ph^ 2 . The coil oioi thus carries two component currents which 
have a phase difference of 00" with each other. 

path OiOihi and 50 amperes from path ajbjbi, these two paths 
being in parallel with respect to rings n, and having equal 
e.m.f.’s and equal impedances. Similarly, the 100 amperes 
from taps Os and Ih to Phase 2 is made up of 50 amperes from 
path oshi&a and 50 amperes from path Oiaihs- Hence the 
total current flowing in coil aia 2 which is part of both paths is 
made up of two currents, each having the same value of 60 
amperes but a phase difference of 90 degree s between the m; 
the value of this total current is therefore V(50)* + (50)* = 
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70.7 amperes, as indicated in Kg. 241. Note that 70.7 « \ 
of 100 times V^. If J = current in main line, and I a « 
^laioi current in each coil of the arma« 
ture winding, then 

80. Cuirents in Each Coil for 
Fia. 241. TbecuireDtinthe Unbalanced Loads. If the two 
Beotdon (hOi is made up of pjj^ses had been unbalanced but 
half the our^t ddivoed ^ power-factor, the intemal 
to uhaae 1, loA, and half ^ .... ' . , 

dellvared to conditions within certain ones of 

phase 2, loA. These two the armature coils would have been 
parts have a phase differ- as shown in Kg. 242, where it is 
enoe of 90®. 'assumed, for example, that Phase 

1 of Kg. 240a ddivers 160 amperes while Phase 2 delivers 
40 amperes. The current in any coil 
or conductor of the armature is here 
seen to be equal to "n/SO* H- 20® = 82.6 
amperes. If the voltages of the two 
phases were to remain equal after the 
load is unbfldanced, it is evident that the 
total volt-amperes and total watts out¬ 
put from the generator to both phases 
would be the same when one phase was 
ddivering 160 amperes and the other 
40 amperes as when they were both 
delivering 100 amperes. Yet the cur- ^2. 
rent in armature conductors and coils 
is increased in the ratio 82.5/70.7 by 
reason of the unbalancing of the load. 

Since the remstance of every conductor 
or coil is practically constant, the rate at 
which heat is developed in these conduc¬ 
tors is increased in the ratio 

R X 82.6* 6800 1.36 


-jliiiai 



The vector 
diagram for the cur¬ 
rent in coil oiOi if 
phase 1 were carrying 
four times the oujv 
rent of phase 2. laibi 
is the current in 
phase 1 and /oibsthe 
current in phase 2. 
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The interpretation of this result is, that if the total 
load of a two-phase alternator with closed winding is main¬ 
tained constant but the phases are unbalanced in the ratio 
4: 1| the rate of heat development in the armature con¬ 
ductors is increased 36 per cent beyond what it should be 
with balanced load. This would bum out some parts of the 
armature winding if the machine were operated at a total 
load equal to its rated full load. The calculation would be 
altered slightly when applied to any specific actual machine, 
because of the fact that the yoltages of the phases are not 
equal on unbalanced load. If this unbalancing were carried 
to the limit, so that rated full load for the whole generator 
were carried on one phase only, and no current whatever on 
the other phase, the two-phase alternator would in reality be 
a single-phase machine. In this particular case, 200 amperes 
would be drawn from oi&i, and nothing from ajbij and the 
current in all conductors iii each path aiojbi and Oibs&ii and 
therefore in the whole armature, would be 100 amperes. The 
rate of heating in every armature conductor would there¬ 
fore be increased above what it should be, in the ratio 
100*/70.7* = 2.0/1.0. The whole armature would be heated 
twice as rapidly as it should be if the same load were divided 
equally between the two phases instead of being all concen¬ 
trated on one phase. 

If it is desired to operate this two-phase alternator as a 
smgle-phase alternator, the total output must be reduced 
below the rated full-load for two phases, but it may be larger 
than half of the rated two-phase load. We have seen that 
if the rated two-phase load is 100 amperes on each phase, 
each conductor is allowed to carry 70.7 amperes without 
overheating. Operating only one phase with 70.7 Gunperes 
in each of the two parallel paths (into which the winding is 
divided by the taps of this phase) makes the largest allowable 
amperes output on this single phase equal to 2 X 70.7 
amperes, or 141.4 amperes. The voltage would probably be 
fixed at the same value as before by the requirements of the 
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distributing Eiystem. Even if it were not^ it could not be 
increased much on account of the danger of overheating the 
field windings and armature core. Hence the total kilowatt 
or kUovolt-ampere output would be proportional to the total 
amperes output or would be less than output under rated 
conditions in the ratio 141.4/(100 + 100), or 70.7 per cent 
of rated (two-phase) full load. 

81. Complete Current and Voltage Distribution for Un¬ 
balanced Load. It is both instructive and useful to see 
what happens in the entire armature when the load on the 
phases becomes unbalanced — that is, different either as to 
amperes or as to power-factor. We cannot do this from the 
partial diagrams shown in Fig. 241 and 242; these tell the 
truth, only as it relates to a part of the winding. To get the 
entire truth, we must draw the vector diagram so as to in¬ 
clude the entire armature, and not merely a single coil. In 
Fig. 243, we have repeated the complete e.m.f. Hia^rrB.nn of 
Fig. 240, as a groimdwork ui)on which to place the current 
vectors. Suppose that we now consider the complete arma¬ 
ture of Fig. 240a to be operating two-phase with balanced 
loads, the equal currents in the two phases being each in 
phase with the induced e.m.f. which produces it. We lay 
out a vector Ji (the current in Phase 1) in phase with 
and a vector I» of equal length in the direction of Ea^ to 
represent the current in Phase 2. Now one-half of Ii and 
one-half of It combine vectorially to produce the current laj,, 
which flows in the armature conductors between tape Ot 

bi. We combine and ^ directly, as they were drawn, be¬ 
cause the positive direction for Phase 1 (from Oi through Ot 
to &i) coincides, within the coil ajh, with the positive direc¬ 
tion for Phase 2 (from oa through hi to &a). On account of 
the synimetry of the diagram we can see, merely by in- 
a pection, that this resultant current in coil oa&i is equal to 
V(7i/2)* -|- (7*/2)* = i of V/i* -|- Jj*, which agrees with our 
previous calculation (see Fig. 241). Now consider coil aiOi io 
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Fig. 240a, to trhioh these vector diagrams bU refer. Theciu> 
rent consists of two components; one whose numerical 

value is ^ flowing £rom oi toward at, and belonging to the 
branch oioJh of Phase 1; the other has a numerical value of 
^ amperes but flows from oa toward oi, bdongiag to the 
branch ataj>t of Phase 2. Note particularly’ that the positive 


Eftitoai Ebitoaj Ebatooi 



Fig. 243. The outmde square and diagonals represent the voltage 
rdations of Fig. 240a, and are merely a copy of Fig. 240 on an 
enlarged soale. The inside square and diagonals represent the 
ouErentB in various parts of the armature. 


direotioiia of the two component ourrents through this coil 
are opposite each other. Moreover, these two currents differ 
in time-phase by one-quarter period, or 90 electrical degrees. 
With r^ard to coil <h<h the problem is then to find the re¬ 


sultant of two currents, of ^ and ^ amperes, the positive 
directions of which are opposite, and with ^ reaching its 
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maximum value at a moment 90 degrees after ^ reaches 
its maximum value (in the opposite direotion). Big. 244 is 
a Bimple representation of the currents ^ and 7 ^, showing 
how they flow in opposite directions through that part of 





the winding between Oi and Ot. 
But any periodic quantity alter¬ 
nating as a sine wave will reach 
its mariTTuim value in dther 
direction just one-half period^ or 
180 degrees, before and after its 
maxiimim value in the opposite 
direction. 

Now, we have seen that ^ 

Fig. 244. The ouirent in coil i i • 

<Ha.kmadenpoftwoounentB caches its maximum value m 

I and the pootive dirw opposite direction to what 
tionB of which are oppodte. is positive for -j, just 90 d^ees 

ahead of But ^ must reach its TT>a.TrimiiTin value in 
the same direction as either 180 degrees sooner or 180 de¬ 
grees Idter than this. If ^ reaches its maximum value in 
7 , : 

the same direction as ^ 180 degrees sooner, then it must 
reach it 90° + 180°, or 270° ahead of the maximum positive 
value of We would then say that ^ lags 270 degrees 

behind^. 

But if ^ reaches its maximum value in the same direction 

as 180 degrees later than it reached its maximum value in 
the oppodte direction, then it must reach it 90° — 180°, or 
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90” behiad the maxinmim positive value of We would 

then say that ^ leads ^ by 90 degrees. 

But a lead of 90 degrees is exactly the same as a lag of 270 
degrees, as is seen by referring to 245. * This HiagrRTn is 
really a piece of the larger Fig. 243, containing only the cur- 



Fia. 245. The vector^ may be said to lead the vector ^ by 80“, or to 
lag 270* behind it. 


rent vectors about which we are speaking, in the same rela- 



be reversed before it could be added to the vector of ^, be- 

cause it is presomed by agreement, that the an^^es between 
vectors representing vaiioos alternating quantities in the same 
circuit are equal to the phase difference with respect to the 
same positive direction for all quantities. We desire to find 
the resultant vector representing current from ai to oj rather 
than from Os to Oi, for the reason that we desire the posi¬ 
tive direction of current in each coil to coincide with the 
direction which we chose to consider positive for the e.m.f. 
in the same coil. This was counter clockwise in the closed 
ring, or from Oi to a*, from a% to 6 i, from hi. to 62 and 
from &i to Oi. This enables us to read easily from the 
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<^ill g^ a.Tn the phase aztgje betweea cuireat and ejnJ. in 
each coil. 

In a similar manner, it is seen from Fig. 243 that Itihisthe 
vector sum of ^ direct and ^ reversed, and is the vector 

sum of j reversed and ^ reversed. The minus sign before 
vectors shows that they are reversed. Fig. 243 proves 


(1) That the current in each coil of the armature is in 
phase with the total induced 6.m.f. in that Hamfl coil, 
when the current output to each external circuit is in 
phase with the e.m.f. induced in that circuit. 

(2) That the current in all coils or parts of the armature 
grinding is the same when the external load is balanced 
between the phases. 

(3) That in a two-phase ring-wound armature with 
dosed winding, having load of equal power-factor on 
the two phases, the current i n each armature con¬ 
ductor is equal to i Vli* -f I^. 


So much could have been stated on the basis of the in¬ 
complete diagrams in Fig. 241 and 242. But we could not^ 
without the complete diagram, such as Fig. 246 (or of equiv¬ 
alent mathematical equations), understand what is happen¬ 
ing in all the armature coils when the power-factors of the 
several phases become different. Suppose this same ring- 
wound two-phase generator is supplying rated full-load cur¬ 
rent of 100 amperes to each phase, but that the current in 
Phase 1 lags 60 degrees behind the induced e.m.f. of Phase 1 
(that is, the power-factor is 0-5 for the entire circuit of Phase 
1, including the armature), and that the current in Phase 2 is 
in phase with the induced e.m.f. in Phase 2. In Fig. 246 the 
complete vector diagram of e.m.f.’s deduced in Fig. 240 is 
first repeated. To this is added a vector Jj whose length 
represents 100 amperes to scale, and which has a phase lag 
of 60 degrees behind the e.m.f. of Phase 1 (Eaj}^ which pro- 
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duces it; also, a vector 1% whose leogth represents 100 ani'* 
pores in Phase 2, and which is in phase with the ejnJ. of 



Fdq. 246. The laige square represents the voltagB aaroes the coils 
and modhine terminals. The shorter veotoiB represent the currents 
in the yaiious ooib when the powofootors of the phases ore unlike. 


Phase 2 Proceeding as with Fig. 243, we find that: 

equals vector sum of ^ direct and ^ reversed. 

7b*, equals vector sum of ^ direct and ^ direct. 

Jj*, eqtials vector sum of ^ reversed and ^ direct. 

J I 

equals vector sum of ^ reversed and ^ reversed. 


After we have performed these reversals ajid summations, 
we find, by interpreting the vectors according to the values 
ftTiH scales chosen in this particular case, that: 
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( 1 ) The cuirents I(t,iobi in ooil ajbi and /( 6 ,toB 0 in coil 
iaOj, are each about 06.6 amperes, whereas they caonot 
exceed 70.7 amperes without danger of bunung them 
out, according to the rating of the machine. That 
is, half of the conductors on the armature are being 
h^ted above normal rate in the ratio 

B X (96.6)* _ 1.860 
B X (70.7)* 1.000’ 

or 86.0 per cent faster than they should be heated. 
This mathematical figure would be modified somewhat 
in practice by consideration of the other two coils, 
which are not developing heat up to the permitted 
rate, and are therefore tending to absorb some beat 
&om these overheated coils and thus keep the local 
temperature rise from being as great as it would ap¬ 
pear to be from these figures. 

(2) The current in coils OiOa and bibt is about 26.9 
amperes, whereas it is permitted by the rating to be 
70.7 amperes without danger. That is, the other 
half of the armature conductors are being heated 
below normal rate in the ratio 

25.9* 0.1340 

70.7* “ 1.0000’ 

or 13.4 per cent as fast as they could be heated. 

(3) It the temperature rise within the armature (which 
tends to injure the insulation and therefore limits the 
permisEible load) were proportional to the average rate 
or total rate of heat development over the entire 
armature, this manner of loading would be perfectly 
safe; because the average rate of beating for the two 
halves would be 


(1.860 + 0.134 


0.997\ 

1 . 000 ^ 


2 
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That is, the eimature would be heated juet about as 
fast as permissible aud would therefore run at the 
highest temperature permissible, though no hi^er. 

(4) But the danger in overloading a dynamo appears in 
each individmd wire and coil, on account of the rise of 
temperature that occurs within the insulation when 
the heat attempts to pass through it and get to the 
body of the armature and to the air currents which 
are supplied for ventilation. The insulation, usually 
having low thermal conductivity, dams up the heat, 
so to speak, as it tries to pass through and escape 
from the electrical conductors, which are complete^ 
encased by the insulation and in which the heat is 
generated when current ^ows. Nevertheless it would 
not be correct to consider the temperature rise (and 
danger) of the insulation around any particular con> 
ductor as being dependent only upon the rate of heat 
generation in that conductor; because if a nearby 
conductor or part of the machine happened to be de¬ 
veloping beat at leas than the normal or permissible 
rate and is therefore at less than normal temp^ture, 
the heat from the first conductor would naturally be 
dissipated faster than usual toward the cooler regions, 
and it would reach a temperature correq>ondingly 
less than it might be supposed to reach if considered 
without regard to its surrounding conductors or parts. 
■If we were to consider each coil by itself, in this case, 
we find that coils ajoi and hjfh would have their insu¬ 
lation quickly ruined, resulting in breakdown and 
stoppage of the generator, unless the current in these 
coils were reduced to normal value of 70.7 amperes 
corresponding to the rated full load of the alternator; 


that is, a reduction to 


70.7 

96.6’ 


or 


73.2 

100.0 


part of its pres¬ 


ent value. This means, that the current output of 
each phase would have to be reduced to 73.2 per cent 
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of its present value of 100 amperes, or to 73.2 amperes, 
which at constant voltage means a proportional reduc¬ 
tion in the kilowatts oul^ut of the whole generator. 

(6) The total power output of the entire machine is now 
equal to 

Power generated in Phase 1 

= EJi cos fli = Si X 100 X 0.6 = 50.0 Si watts 
Power generated in Phase 2 

= SJi cosft Si X 100 X 1.0 = 100.0Si watts 
Total power generated by the machine = (50 Si -|-100 Si) 
AsBUining Si = Si = 100 volts, total power gener¬ 
ated = 15,000 watts. In order to make sure that the 
temperatiire of every part of the insulation does not 
ezo^ the amount permitted at the rated full load of 
the machine, the output at constant voltage would 
have to be r^uced to 0.732 X 15,000 11,000 watts. 

The TniariTniiTn steady output from this machine, with 
unity power-factor on both phases, is (100X100X1.0) 
-1- (100 X 100 X 1.0) = 20,000 watts. Therefore, the 
net effect of a 50 per cent reduction in power-factor of 
only one phase is to reduce the load capacity of the 
entire machine by almost 50 per cent. 

These calculations have been followed through in some 
detail because they illustrate several important points: 

(1) How much general knowledge concerning the results 
of operation under various conditions may be obtained 
for any machine, even without much specific knowledge 
oonoeming its construction other than that given by 
the nameplate, provided only that a man knows vector 
diagrams thoroughly, with some arithmetic and trigo¬ 
nometry. The facts herein deduced could be applied 
to any two-phase machine with closed winding. To be 
sure, closed windings and two-phase are not universally 
used, but they offer the clearest introduction to the 
more difficult calculations which appear in the “Second 
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Course,” Chapter IX, in connection with laynohronoufl 
converters. The methods of reasoning would be the 
same in any case. Such facts concerning the internal 
currents in an interconnected system or a closed wind¬ 
ing of several phases could not easily be learned by 
experiment, and, if not calculated, might be discovered 
only s£t&r burning out a machine. 

(2) How to solve problems relating to values and phase 
relatiotis of currents and e.mi.’s in a complicated net¬ 
work. The results even have an approximate rela¬ 
tion to the performance of a synchronous converter 
(which, though not ring-wound, has a closed multi¬ 
circuit armature winding), particularly when carrying 
a mechanical load. They illustrate in a concrete 
fashion, principles which may be applied to other 
machinery and circuits. 

If anyone were inclined to doubt the accuracy of a diagra.m like 
Fig. 246, the following check could be applied: 

The sum of the watts generated in all the coils on the armature 
ouj^t to be equal to the total watts in the two-phase circuits. 

Kg. 246 is drawn to the soales g** 

Measuring the other veetois to the same scale, we have: 

Eajflt " — 100/V 2 — 70.7 vdts. 

Jaift “ -^ 616 * “ 26.9 amperes. 
lajbi — " 06.6 amperes. 

la^ reaches its maximum value in the direction from Oi to Oa just 
30 degrees after Boat ^reaches its maximum value in the same direc¬ 
tion, or la^ lags 30 degrees behind Baj^^. Also, lags 30 de¬ 
grees behind ^oi^; Ibih^ Iflffl 30 degrees behind Bhji,^; and lags 
30 degrees behind Eb^y Hence we may write the foUowing: 

Power developed in coil 0102 *= 70.7 x 26.9 X 00 a 30° = 1,687 watts 

Power developed in coil 0 * 61 “ 70.7 X 96.6 X 0.866 = 6,913 watts 

Power developed in coil &i 6 t« 70.7 x 25.9 X 0.866 = 1,587 watts 

Power developed in coil 70,7 X 96.6 X 0.866 = 5,913 watts 
Total power developed in aU coils «= 15,000 watts 
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Power output in Phase 1 

“ X laihi X coBft ■■ 100 X 100 X 0.6 ■■ 6,000 watts 

Power oulput in Phase 2 

- Eaj^ Xlg^X oos^ « 100 X 100 X 1.0 - 10,000 watts 
Total power output in the two phases »16,000 watts 

Prob. 1-7. A 220-vdt two-phase two-pole alternator with a ring 
winding delivers at rated full load, 60 amperes to each phase of the 
load. 

(а) Draw a sketch diowmg the windings and taps, the rings and 
the loads. 

(б) If the load is all of imitypoweivfaotor, what is the total watts 
output of the generator? 

(c) If the load is inductive with an 80 per cent power-factor in 
bo& phases, what is the kw. output of the alternator? 

(d) What is the total kv-a. rating of this alternator? 

Prob. 2-7. (a) What other e.mi. could be obtained from the 
T H-ngg of the alternator of Problem 1-7 while ddivering rated full 
load? 

(6) Between which rings, on your sketch of the winding? 

(c) What is the phase angle between this e.nLf . and ea^ of the 
tw^jdiase emf.^s? 

. Prob. 8-7. Under the conditions stated in Problem 1-7, how 
many amperes flow in each armature conductor? 

Prob. 4-7. Ifthe alternator of Problem 1-7 were loaded as afour- 
phase generator, what is the largest value of amperes that could be 
used in each of the four phases without making ^e amperes in each 
conductor of the armature any greater than when loaded as rated 
(see Problem 1-7}? The four phases are balanced (same amperes 
in each) and non-inductive. 

Prob. 6-7. What changes of connections in Fig. 234 would make 
the armature suitable as a ain^e-phase generator in a four-pole field? 

Prob. 6-7. If used thus as a single-phaBe armature in a foui^pole 
field, how many amperes could the generator of Problem 6-7 de¬ 
liver without allowing any armature conductor to be heated at any 
greater wattage rate than was permitted under rated full-load con¬ 
ditions (see Problems 1 and 3)? 

Prob. 7-7. When the generator of Pig. 234 is operating as a two- 
phase generator at rated frequency and voltage, the phases, carrying 
non-inductive loads, become unbalanced so that one of them car¬ 
ries 120 amperes instead of 100 as rated. What is the greatest cur¬ 
rent that may be taken on the other phase without permitting any 
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oonduotor on the armature to carry more current or develop heat 
faster, than is permitted at rated full-load? 

Prob. S-7. If the machine of Problem 7-7 were able to maintain 
practically full rated terminal volts on both phases without excessive 
losses in either field coils or armature core, would the permissible 
kilowatta output on this unbalanced load be greater or less than 
rated full-load kilowatts, and by what percentage? 

Prob. 9-7. If only one of the two pluses of the generator in 
Problem 7-7 were lo^ed and the output on the other phase were 
aero, how many amperes could be delivered by the loaded phase 
without developing any greater PR loss in the whole armature 
winding than is permitted under rated full-load conditions? 

82. Three-phase Alternator: Delta-Connected. Fig. 247 
represents a two-pole alternator with ring winding, tapped in 
a manner suitable for connection to a three-phase circuit.’’ 
A three-phase circuit is a combination of wires, or coils, so 
related to each other that three distinct alternating e.m.f.’s 
of the same frequency may be obtained between various 
pairs or combinations of terminals or wires. These e.m.f.’s 
have equal effective values and a phase difference of one- 
third period, or 120 degrees, between any two of the ejmf.’s. 
It has already been shown (see Art. 40 and Chapter IV) 
that three such distinct phases may be transmitted over 
four or three line wires instead of six and that three is the 
usual number. ■ It will be shown in this chapter that the use 
of three phases rather than one, two or four phases, when all 
systems are on a similar basis, permits the greatest amount 
of power to be handled with a given amount and cost of mar 
terial in the generators. In the ” Second Course,” Chapter 
IV, the same truth is demonstrated for transmission lines. 
We desire, therefore, to connect the coils of the simple ring 
winding shown in Fig. 213, to three collecting-iings, in such 
a way that the three e.m.f.’B obtainable between these rings 
shall compose a correct three-phase, and so that the currents 
may be distributed as nearly uniformly as possible in the 
armature coils when the phEises are balanced. The method 
of tapping the rings to the windings, shown in Fig. 247, is 
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suitable only for two poles; for multipolar machines, methods 
will be shown in the chapter on S 3 mchronouB Converters. 

The arrow on each end-connection in Fig. 247 indicates 
the direction of e.m.f. induced in any inductor at the instant 
it passes through this position in the magnetic field. Each 
arrow thus belongs to its particular position and is fixed, so 
to speaJr, and refers to each inductor successively as the rota< 
tion of tile armature brings that inductor into that position. 
At the instant the armature occupies the position shown in 
Fig. 247, the total e.mi. in coil be (sum of instantaneous 





]d^Q. 247. The annature of the previous figures tapped for three- 
phase power. 

valiies of all inductors in series in this coil) is zero; while coils 
ab and ca at this instant have total e.m.f.'s which are equal 
to each other, but in their positive directions are opposite 
with reference to the closed mesh or ring. The efifective 
ejnS. in all three coils is the same, because they aU have the 
same number of series inductors, and rotate together at the 
same speed in the same flux. The instantaneous e.mi. in 
coil ab reaches its Tna.ximum value in the direction from a to 
b, at the moment when the middle (mi) of this coil passes a 
point under the middle of the N^-pole. The e.m.f. in coil be 
reaches its maximum value from b to c, at the instant its 
middle passes the same point in the magnetic field, 
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which occurs just one-third period, or 120 degrees, after the 
TTiaxiTnuTn from a to b; and the e.nif. in coil ca reaches its 
maximum value from c to a, at the instant ttiq passes the same 
point in the field, which is two-thirds period, or 240 degrees, 
after the maarimuTn e.m.f. a to b, or 120 degrees before the 
TnaadmuTn ejn.f. d to b, or 120 degrees after the TnayiTmim 
e.mf. b to c. Therefore the coils ob, be and ca differ in phase 
from one another, successively, by 120 degrees, when the 
positive directions are chosen from a to b, from b to c and from 
c to a (or all vice versa) — that is, in the same direction 
around the closed mesh or ring of the winding. Fig. 248 is a 



Fig. 24S. Polar veotar diagram of the ejni.'s between the tappings 
of the armature shown in Fig. 247. Each e.m.f. has a phase dif¬ 
ference of 120° with either of the others. 

polar diagram of vectors representing the relations of these 
induced e.m.f.'s. The total e.m.f. in coils ca and ob together 
is equal to the direct resultant of the vectors and Eab as 
they stand, sinoe the relative directions of the vectors have 
bem drawn to represent phase relations of e.m.f.’s whose 
positive directions are the same with respect to the series 
circuit. It is seen from the diagram that this resultant 
Ecioaxoh is equal in value, and exactly opposite in phase, 
to the e.m.f. induced in coil be, which is represented by the 
vector Eh to d- If vectors to a to & and Eht^o were combined, 
the resultant would be zero. This agrees with our previous 
conclusion that the total e.m.f. in the closed winding is zerO;. 
regardless of how it is tapped. This is true of instantaneous 
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valuea as well as of effective values of e.ni.f. Fig. 249 is a 
topographic diagram ahowiug the same vector relations. 
Here the vectors are drawn end to end, and the resultant of 
any number of e.m.f.'B in series is represented vectorially by 
a straight line drawn from the beginning of the first vector 

of the series to the end of the last 
vector of the series. Here again 
it is seen that the resultant e.m.f. 
of coils o-a and a~b in series is 
the vector Eeioaiob, which is equal 
and opposite to the vector Ehuto- 
Furthermore, when all three vec¬ 
tors have the same length and 
same 120 degrees angular differ¬ 
ence in the same direction, as 
Fig. 249. Topographic veo- shown here, the end of vector 

beginning of vector Eirtoc indi- 





rdations in Fig. 247. 


catmg that the total e jni. around the mesh is zero, because 
a line between these two ends of the series would have zero 
length. 

^ the armature coils are connected together and tapped 
to the rings in Fig. 247, the winding represents what is called 
the mesh connection or the delta connection of coils. The 
synchronous converter has a mesh or delta connection of ne¬ 
cessity, because it must operate with direct current as well as 
alternating current, and the former requires a rotating arma¬ 
ture with a closed winding. However, this is not the most 
usual method of connecting together the differ^t phases in 
the windings of ordinary alternators with drum-wound anna- 
tures. It is most usual to make a star or “Y'' connection 
between the coils; this is an open-circuit winding, and gives 
the greatest terminsl voltage that can be obtained in a 
three-phase winding for a given maximum voltage per coil, 
and is particularly desirable in generators for high-tension 
work. 
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88. Star Connection. In Fig. 250| we have out open the 
closed ring winding at three equidistant points, a, b, c, fonn- 
iog three separate groux>s or phases out of the armature 
winding. As before esqplained, the e.m.f. in CoU 2 will lag 
120 degrees behind the e.m.f, in Coil 1, and the e.m.f. of CoU 3 
will lag 120 degrees behind the 6.m.f. of Coil 2, or 240 degrees 
behind that of Coil 1, the positive directions having been 
chosen either all clockwise or all counter clockwise around 
the ring. Starting with one end of CoU 1 at the cut b, we 





Fiq. 250. The same armature Y oonnected. Note that the winding 
had to be out at a, b, and c before a Y connection could be made. 

have labeled the ends of each coU S (Start) and F (Finish), 
as we foUow the winding progressively around the ring; that 
is, Sij S 2 and are similar ends of the three phases of the 
winding, and Fi, F 2 and Fa are the other ends of the 

three phases, respectively. If now we connect Si, 8% and Ss 
together, as shown at n (results would be exactly the same 
if we were to connect Fj, Fj and Fs together instead), we 
find that we have between the three remaining terminals a 
correct three-phase e.m.f. This e.m.f., however, is about 
73 per cent greater than the e.m.f. across any group of the 
armature winding. The e.m.f. between any two of the three 
terminals of the mesh-connected winding of Fig. 247 was 
exactly the same as the e.m.f. across one of the three groups 
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of the armature vvindiug, as could be seen by simple bspeo- 

tion, Bin 9 e the terminals of the 
armature, or rings, were tapped 
directly to the ends or junotionB 
of the armature groups. Hence 
we have this important result; 
that if we connect on armature 
winding according to the star or 
Y method, we get a three-phase 
terminal voltage just 73 per cent 



Polar vector disr 
gnun for one phase of the 


greater than if we connect the 
T^^eot^ "rf same armature winding according 

Pig. 260. Note that the to the mesh or delta method, 
vector B8% to has the The vector diagrams acoompany- 
oppoaite poaitive direction jjjg jijg 260 illustrate how this 
to the vector Es^iarv comes about. 1^. 251 shows how 

Ibe e.mi. between tenninsls Fi and F% is made up of the 
e.m.f.’s Eriioai and Ea^toPt which 
are in series between these termi¬ 
nals. Note that storting at Fi 
and tracing the winding through 
to Fi, we have to go opposite to 
the poaitive direction , in Coil 2. 

The chosen positive directions of 
these two e.mi.'s are thus opposed 
to each other in this series, and 
. their phase difference Is 120 degrees 
only wldi reference to these posidve 
directions. We have seen that the 
vector sum of two e.m.f.^B having 262. Vector diagramfor 
a phase difference of 120 degrees 
in opposite directions is in reality 
equal to the vector sum of two 
similar emi.’s having a phase 
difference of 60 degrees in the same direction through the 
dicuit of the series. Tig. 251,252 and 253 show separately 



the voltage aoroaa Ft-F*- 
Note that it ia made up oi 
the voltage aoroaa Sg-Ft t&- 
versed and 
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the summationa of and to find of Ejf^ and 
Es,f, to find E^^^; and of Ep'^ and EsiP'i to find Ep'.p,. 



Fig. 263. The vector diagram for the voltage across the phase F 1 -F 9 , 
Note that it is made up of the voltage across Si-Fi revers^ and St-Fi, 

Fig. 254 is an assembly showing all these e.m.f.^s together. 
It is seen, by simple trigonometry, that 

Ep^^ = Ep^^ = Ep^^ = Vs EaPi 

and the phase differences are 120 degrees each to each, pro¬ 
vided only that Es^Pi = Es^^ = that the phase 



Fig. 254. The vector diagram of Fig. 261, 252 and 258 combined to 
show the phase relations of the voltages across the three phases and 
between line wires. 

differences of these e.m.f.’s are 120 degrees each to each, as 
is usual. 

Prob. 10-7. Prove that the ratio of current in each line wire to 
current in each armature coil, in a delta-connected three-phase 
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armature with balanced load, is the same as the ratio of volts be¬ 
tween terminals to volts in each armature section, in a star-con¬ 
nected three-phase armature. See Fig. 254. 

Prob. 11-7. A deltaroonneoted three-phase armature is rated 
to deliver 100 amperes from each terminal, with 230 volts between 
each pair of terzninaJs, at 60 cydee frequency. What would be its 
rated full-load amperes per line wire and volts between terminals, 
if the phas^ or groups in the armature were connected star instead 
of ddta? 

Prob. 12-7. What is the TnaximuTn steady load, in kilowatte, 
which can be obtained from machine in Problem 11-7: 

(a) Connected delta. 

(5) Connected star? 

(c) In general, what difference wOl be produced in the rating of 
a generator as to amperes (per terminal or per line wire), volts 
(between any two terminals or line wires) and kv-^a. (or kw. at 
unity power-factor), if the intemal connections of the phases in the 
armature are obang^ from Y to delta? 

Prob. 12-7. A three-phase deltaroonnected armature is rated 100 
kv-^ (or 100 kw. at unity power-factor), 2300 volts: 

(a) What is the current in each part of the armature at rated 
full-load output, unity power-factor? 

(5) What would be *^6 amperes, volts and kv^a. rating of this 
machine, if the armature groups are connected in star? 

Prob. 14-7. A three-phase deltaroonnected cJtemator is rated 
200 kv-a. at 6600 volts: 

(a) If this armature were to be used to deliver its full rated load 
(kiloyoltnamperes) from single phase or pair of temunals (pre¬ 
suming the vdta^ could be kept constant), what would be the 
amperes in each section of the armature winding? Draw a sketch 
to IQustrate your solution. 

Q>) By what percentage would the rate of heat development in 
eac^ armature coil exceed that permitted under rated conditions? 

Prob. 16-f. In the generator ^eoified in Problem 14-7, what are 
the greatest amperes and kilovolt-amperes that can be d^vered at 
rated voltage from any one pair of terminals, without developing 
heat in any armature conductor at a wattage rate exceeding that 
permitted at full load? 

Prob. 16r-7. If the thermal conductivity from one part of the 
armature of Problem 15-7 to another were so good that the tem¬ 
perature of each part were determined by the average or total watte 
dissipated as heat in the entire armature, calculate what TnaYimiiTn . 
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amperoe and kilovolt-amperea could be deUvered from a ain^ 
pair of fA rminula of thic maohine. 

Probe 17-7. (a) Draw a yector diagram, for the case in Frob^ 
lem 16-7 of a three-phaso deltarGonneoted armature delivering load 
at unity power-faotor from a single pair of terminals only, and 
oaleulate the watts cS power developed in each of the three seo- 
tiooB of the dosed armature oirouit. 

(&) Does the sum of power devdoped in all of the aimatuie 
groups ohedsi up with the power between the terminals of the 
single loaded phase? 

84. What Determines the Number of Phases to Use. It 
has already been shown that the power in any single phase 
varies from instant to instant in a manner which depends 
upon the power-factor (see Art. 37). In every cycle there 
are two instants at which the power is zero, and two instants 
at which it has the same maximum value. If the current is 
in phase with the e.m.f. which produces it, the flow of power 
is unidirectional, always out from the generator to the line or 
consuming device, and the poweir-factor ” of the circuit is 
unity. But if the current either leads or lags with respect 
to ihe 6.m.f. which produces it, there are negative pulses of 
power interspersed between positive pulses, the circuit return¬ 
ing, during one part of each cycle, a portion of the power 
delivered to it by the generator during the other part of the 
(^cle. The power-factor is in consequence less than unity. 

In any correct two-phase, three-phase or fomvphase cir¬ 
cuit (as defined in the preceding articles), the instantaneous 
power in each one of the phases varies just as in any single- 
phase circuit operating with an equal power-factor. But 
when the polyphase circuit is balanced, it can be shown, 
either mathematically or graphically, that the total power 
in all of the phases is at every instant the same; in other 
words, the total flow of power is steady, some circuits sup¬ 
plying enough while the other circuits are either giving none 
or taking back some, to make the total power constant at all 
instents. 

This important fact really led to the development of poly- 
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phase systems. The fluctuation of power does not msJce 
siiigle-phase systems objectionable for supplying power for 
heating purposes, or for chemical purposes. In fact, single- 
phase power is entirely suitable for lighting, provided the 
frequency is not less than about 40 cycles per second, be- 
, cause the fluctuations of power are so rapid that the heat¬ 
ing and lighting effects do not have a chance to die out 
between pulses of power, so to ^eak. But great trouble 
and expense have been involved in getting motors to work 
satisfactorily on sin^e^phase alternating current. A motor 
must deliver power steadily against a uniform reaistmg torque. 
Hence if it is Bux>plied with a flow of power which pulsates 
and has zero, or even negative, values at certain regularly 
recurring instants, there must be certain parts of each cycle 
during which the motor is giving out more power than it is 
receiving, and other x)art8 T^hen it is receiviog much more 
than it gives out. The average value of the variable power 
taken in must be in excess of the steady power given out, by 
an amount equal to the sum of all losses within the machine. 
The motor must therefore possess features which will enable 
it to store energy during one part of a cycle to be given out 
during another paji}. To furnish this storage capacity re¬ 
quires a larger, heavier motor with a greater amount of cop¬ 
per and iron in it. The e^ense is further increased by the 
fact that the single-phase motor will not start itself unless 
furnished with some auxiliary devices, usually of the nature 
of special windings on both rotor and stator, with commu¬ 
tator and brushes, all of which add to the complication, 
chances of trouble and cost of manufacture and maintenance. 
A polyphase alternating-current motor, on the other hand, 
does not need this capacity to store energy from one part of 
the cycle to another, because the total electrical power input 
is steady like the mechanical power output. Moreover, the 
polyphase motor is Edmpler and more rugged and durable 
than the single-phase motor, costs less to manufacture and 
maintain, and will start more quickly, or with a bigger load, 
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and with less disturbance to the distributing system^ than 
the siogle-phase motor. The advantages of the polyphase 
motor practically forced the development of polyphase sys¬ 
tems and generators. Of the various polyphase systems 
available^ the three-phase system, using three wires, has been 
adopted in practice as standard, because of its simplicity. 

The two-phase system usually requires four line wires for 
transmission. It has been shown (Art. 75) that two of 
these wires may be combined into one, making three wires 
(provided the generator does not have a closed or re-entrant 
^ding). But two disadvantages are thereby introduced: 
the common wire carries a current which is the vector sum 
of currents in the two phases, and it should therefore be 
larger than either of the other two wires, which is an incon¬ 
venience; and the resultant voltage between the two smaller 
wires is about 41 per cent higher than the voltage of either 
of the two phases, which means that correspondingly better 
insulation is required on the smaller wires. 

The four-phase system absolutely requires four wires for 
transmission in order to connect four loads to four distinct 
and different pairs or phases. As to uniformity of power 
flow, the four-phase possesses no advantage over two-phase. 
In fact there is only one real phase difference between the 
four phaises, because two of the e.m.f.’s reach their maxurnun 
values at exactly the same instant, and the other two reach 
their maximum values also at exactly the same instant, there 
being one-quarter period between these instants. 

The three-phase system requires only three line wires to be 
perfectly S3anmetrical, so that the voltage between any two 
line wires is the same. It will be shown later that this sys¬ 
tem requires the least material and costs the least in the dis¬ 
tributing system for a given pressure than any of the others 
mentioned. Here we shall demonstrate the same feict re¬ 
garding only the generators for these several systems. 

86. Electromotive Force Relations: Single-phase, Two- 
phase, Three-phase. In all of the diagrams used thus far, 
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the armAture has had altogether 24 inductors upon its out¬ 
side surface, eqtuJ distances apart. As it is bipolar, each 
whole revolution completes one cycle of e.m.f. in every in¬ 
ductor. As we follow the winding around the ring, the e.m.f. 
in each successive inductor lags behind the e.m.f. in the pre¬ 
ceding inductor by one-twenty-fourth of one i)eriod, or 15 

electrical degrees. When 
the ring is tapped for 
single phase as in Fig. 
215, the armature is 
divided into two parallel 
paths, with half of the 
total number of induc¬ 
tors arranged in series 
in each path. The total 
e.m.f. between terminals 
is therefore equal to the 
v^tor sum of 12 e.mi.'s, 
each differing from the 
next by 15 degrees, all 
in the same direction 
through the series. 

PiQ. 256. Topographic vector diagram Ad^ng the e.m.f. of 
for the voltage aoroBs any combination oach inductor to that of 
of oonductora on the armature ahown the succeeding one in 
in the previous figures. The vector the series, as a string of 

for inBtance, repie^ta TOltr ^ according to the 
age across conductors 1, 2, 3, 4, 6 uu uuo 

and 6. topographic method of 

vector addition, we get a 
diagram like Fig. 256. The great convenience of this type of 
diagram is due to the fact that a chord drawn between any two 
points of the diagram represents correctly both the value and 
phase relations of the resultant or sum of all e.m.f .’s whose vec¬ 
tors are included in the series between the ends of this chord. 
Thus, the total e.m.f. of the six equal e.m.f.'s in inductors 
No. 1, 2, 3, 4, 6 and 6 , between oi EUid 62 , is represented by 
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the chord clJh in Fig. 255. The length of vector ajb% repre^ 
Bents the effective voltage of the group from to ba to the 
same scale of volts used in laying out the component voltages^ 
and the an^e between vector Oi&s and any other vector of the 
diagram represents the phase relation between the e.mi.'a 
of the corresponding parts of the armature circuit. It may 
be proved by the rules of geometry, or by accurate drawing 
of the diagram, that the vector oi&i, representing the sum of 
the e.m.f.’s of twelve inductors 15 d^e^ apart in series, is 
the diameter of a semicircle drawn through the ends of 
all the component vectors. Also, if we choose any point be¬ 
tween Oi and bi, such as b%, the ejni.’s aJh and bj)i are 90 
degrees out of phase with each other, an d their resulta nt is 
always equal to ajbij that is, 

as in this case, ajbt and bibi are chosen equal to each other, 
each being the resiiltant of the same number (six) of Hiinilar 
component e.mi.'s, each is the e.m.f. of one phase of a 
four-phase machine. Therefore E (single-phase) = V2 X E 
(fomvphase) which agrees with our previous work. 

If now we choose a point ca separated from Oi by eight in¬ 
ductors, we find that the following relations exist between 
the vector representing the e,m.f. between Oi and ca, 
and the vector Eej^v representing the e.m.f. in the remaining 
four coils of the ha^-winding, between Ca and bii 

Ea^^ lags behind Eo^^ by 90 degrees, or one-quarter period. 

^agci lags behind Ea^fti by 30 degrees, 
leads Egj^ by 60 d egrees. 

Eg^bi = 

= -EaA X (V3/2) = 0.866 EaJ^. 

Ecjl^i = Eajti X iCi) =“ 0.6 Eajti^ 

But OflCa is one of the three-phase voltages. Prom these 
facts we may deduce the following rules for closed windings: 

(1) If the coils of any given armature winding are grouped 
to form a correct three-phase, the voltage across each 
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phase of tiie 'winding will be equal to ('^/2, or 0.866) 
times the voltage that would be obtained by dividing 
it into two equal parallel groups for single-phase. 

(2) If this winding is grouped to form six equidistant 
phases of equal e.m.f.’B (equivalent to tapping the 
winding of Fig. 266 at inductors 4 and 20, thus forming 
dx equal and equidistant groups ai-4, 4r^, orii, 
br-20, and 20-0]), th^ e.m.f. m each of the sbc phases 
is eqiiEil to one-half the voltage that would be obtained 
by dividing the whole number of coils into two equal 
parallel groups for angle phase 


86. Rela'tive Kv-4. Capacity of SingLe-phase, Quarter- 
phase and Three-phase Generators. We shall calculate 
now the relative power capacity of the same armature 



with windings arranged 
in these several ways. 
Although the actual 
numbers used make no 
difference in the relative 
results, we shall select 
some in order to make 
the example realistic. 
Suppose, for simplicity. 


Fia. 266. The armalnre of 'the previous that we consider a re- 
figures tapped for single-phase, two- gufirant ring 'winding 
phase, three-phase and four-i*ase. 

delivering 100 amperes at 100 volts from the terminals ai6i 
only, in Fig. 266. The majaniuTn output which may be per¬ 
mitted without overheating any part of the machine is 
therefore 100 amperes X 100 volts = 10,000 volt-amperes 
= 10 kilovolt-amperes = 10 kilowatts if the jwwer-factor is 
unity. The greatest allowable current in any single coil or 
inductor is i of 100 amperes = 50 amperes. 

Now consider this same winding tapped for two-phase, as 
at Oi and bi, a% and b 2 , in Mg. 266. It has been shown (Art. 
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79 and Fig. 243) that with such arrapgenient of windiiig, the 
Guirent ia each armature conductor is times the cur¬ 
rent delivered from either ajbi or ajbtj on balanced load of 
any power-factor. Hence the greatest allowable current 
output from either phase (two parallel paths in each phase) 


of the two-phase is 


2X60 

V2 


amperes. If the flux from each 


pole, and the speed, remain constant, the e.mi. induced 
in each coil is not altered by the change in the connections 
or manner of loading; hence the e.m.f. across ajb^ is the same 
as that across Oibi, which remains the same as when operating 
single-phase.* Hence the greatest permissible total output 
when operating two-phase will be 


= 14.14 kv-a. 

Now conaider the same winding tapped for three-phase, as 
at at, bt, Cl, in Fig. 256. It was shown by means of Fig. 256 
that the e.m.f. between any two of these points, as osct, is 
equal to 0.866 times the e.m.f. between oi and hi, which was 
the single-phase e.m.f. Hence 


Power output from oiCi = power from cjbt = jmwer 
from btOt = (50 amperes) X (0.866 X 100) volts. 
Greatest total three-pham output - 3 X 50 X 0.866 
X 100 = 13,000 volt-amperes = 13.0 kv-a. 


To check this: 

The actual amx)ereB output from each terminal or to each 
line wire, delta-connected as shown, is 7| = y/3 X 60 
amperes = 86.6 amperes. The volts between any two line 
wires is .Bi = 0.866 X 100 volts = 86.6 volts. The total 
volt-amperes given out to a three-phase line equals Vs EJi 


* In these calculations the effects of armature reaction in altering 
the flux and induced e.m.f. are ignored, as being of toe complicated 
character to be considered in such simple calculation. See Chapter I, 
Second Course. 
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(to get watts we would multiply yolt-amperes by poweN 
factor), which reduces to (1.732 X 86.6 volts X 86.6 am» 
pares), or 13,000 volt-amperes. If this same winding had 
been stai^nneoted instead of delta-conneoted, the results 
would have been as follows: 

Greatest allowable current output from each terminal 
= It = 60 amperes. 

Greatest allowable e.m.f. between any two termintja 
= JSi = Vs X 86.6 volts = 160 volts. 

Total volt-amperes delivered to three-phase line 
= V3 Sih = 1.732 X160 X 60 = 13,000 volt-amperea. 

It therefore maJres no differmice in the ^wer rating of a 
three-phase machine whether it be connected star or delta; 
such change aSects only the rated volts and amperes, but not 
thdr toted product. 

87. Best Tapping for Three-phase Generator. It ap¬ 
pears from the above, that although the single-phase, two- 
phase emd three-phase machines all contain the same amount 
of copper and iron, and have the seune speed and cost, it in 
permissible to tedce 41.4 per cent more power out of the two- 
phase, and 30 per cent more power out of the three-phaw, 
than out of the single-phase machine, operating under the 
same conditions as to poweivfactor, permissible watts low 
and temperature rise. This makes the two-phase alternator 
appear to be the best machine. This is not true in practice, 
because the three-phase winding is usually arranged to bett<‘r 
advantage than as shown at a»btci in Fig. 266. Windingx 
are in fact usually arranged so that each phase has one group 
of coils or inductors for each pole — or so that each phase ia 
distributed symmetrically with regard to every single pole, 
and not with regard to every pair of poles. To illustrate, 
in Fig. 267, representing a three-phase delta winding, each 
phase contists of one large group (osbt, or biCi, or cgOs) for the 
pair of poles. But in Fig. 258 the some number of inductora 
or coils are arranged so that each phase consists of one pair 
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of equal groups per pair of poles, or one group per pole. In¬ 
stead of cutting the winding at only three equidistant points 
to form phases as in the ^ 

former case, we have cut 
the total number of coils V 
which lie under a pair of / 
poles into six groups, / VA \ 

making three phases each nI ^-*4 b, |s 

with one group per pole \ / 

per phase. Each group 

contains a number of -^ ^ - - 

coils equ^ to i of the A simple diagram of the delta 

tot&I numbST of COiIb per arrangoment of the windingB in Fig. 266. 
pole of the whole ma¬ 
chine. In Fig. 268 it is seen that groups 1, 2, 3, 4, 5 and 6 
have the same number of inductors or coils in each, and 

therefore generate equal 
effective voltages. Each 
^ group in Fig. 258 has i 
/^ many inductors as 
I fi \ group in Fig. 267. 

resultant volt- 

\^\7sS ^ / age across the eight coils 

-^ ^Ofl to^Cs is equal 

Fig. 268. The armature windingp of ^^7 V3) or 
Fig. 267, out up into six coils which times the resultant volt- 
are rejoined into three phases. Note age across four coils 
that coils 6 and 3 produce phase ogba, from Cb to 6i, yet the 
coils 4 and 1 form phase biCa, and coils n^nber of giTniUr ad- 
2 and 6 form phase (m. jacent coils from a® to Cs 

is i, or twice the number of coils from c® to 6i. 

The voltage across four adjacent coils is therefore y^’ or 


0.578, of the voltage across eight adjacent coils, or some¬ 
what more than half as much. The reason for this is plain 
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from Fig. 266, where it is seen that the more coils there are 
in series, the greater is the phase difference between each 
added one and the first and thus the less it adds to the voltage 
across the series. The scheme of cutting the ring into groups 
of three coils each as in Fig. 258 and 259 merely offers an 

opportunity of rejoining 
the coils, so that only 
those coils will be in 
series in which the 
e.m.f.’B are nearest in 
phase. 

It is seen, from Fig. 
268 and 259, that the 
e.m.f .'b in Groups 1 and 
4 reach their Tnaarimiinn 
Fig. 269. The six coUb of Fig. 258, instantaneous values at 
arranged for three sqMurate phases oiftii the same moment, but 
othi and aj)%. opposite directions 

around the ring, because while one of them is passing 
under N the other is passing siinilarly under 8. Now if 
coils 1 ft-Tid 4 can be connected in series so that their 
marimum instantaneous e.m.f.’8 add together in the same 
direction through- this series, the total effective e.m.f. of 
these two groups of four coils each will be (2 X 0.578), or 
1.156 times the effective e.m.f. of a single group of eight 
adjacent coils in Fig. 266. Note that this is done in Fig. 
258 and 269 by means of one simple connection which 
is explained in the following page. There are three such 
pairs of groups in Fig. 268 — that is, 1 and 4, 2 and 5, 
3 and 6, and they may be combined into a three-phase 
mesh or star, because there is a suitable phase relation 
between groups as shown by Fig. 260 and 261. The current 
capacity of each group is the same in both methods of joining 
them, but inasmuch as the voltage per phase is 1.156 times 
as great in Fig. 258 as in Fig. 267, it follows that the power 
capacity of each of the three phases is 1.156 times as great 
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aa before. This makes the greatest allowable load, on the 
same basis as before, equal to 13.0 fcv-a. X 1.166 -16.0 kv-a. 



Fiq. 260a* The ooils of Fig. 259 joined three-phase rdation of 


in star. phase differenoe. 



in delta. neotion of Fig. 261a. 

It is significant that we have obtained this increase from 
13 to 15 kv-a. in the capacity of the same machine^ Euuount* 
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ing to 16.6 per ceat inorease, merely by the application of a 
little Iniowledge of vector addition, which tiiows us the best 
way to arrange the ooUs. Iividently it does not pay to add 
more coils in series when the phase lag of the added e.m.f.’s 
is large. For this reason the windings of some machines are 
not distributed uniformly over the entire armature, but are 
concentrated in groups corresponding to the poles, so that 
only a fraction of the periphery of the armature is occupied. 
This is particularly noticeable in angle-phase windings. 
Notice now, that as a result of subdividing the three-phase 
winding so as to have a group of coils under each pole for 
each phase, we have changed the relative power capacity of 
the three machines, for the same size and approximately the 
same cost, as follows: 

Sin^e-phaae: two-phase; three-phase = 10.0:14.14: IS.'O. 

These relations are general, and applicable to any given 
armature winding, regardless of the style of winding, the 
total number of coils and inductors, or of the number of poles, 
provided only that all the coils are exactly BiTnilnr and that 
the total number of coils per pole is divisible by the number 
of phases desired. Thus, if any given machine had a total 
number of equidistant siTnilnT coils, which is exactly divisible 
by either three times the number of poles or two times the 
number of pdles, the machine may be changed from three- 
phase to two-phase, or vice versa, merely by altering the 
end-connections between the coils. This would not change 
the frequency for a given speed (or the speed obtained with 
a givm frequency, if the machine happens to be a motor), 
but it would change the voltage at which it is proper to 
operate the machine. The exact form and manner of TiBH.TnTig 
or altering the end-connectiona between coils for any given 
winding would depend upon the style of winding, as hereafter 
explained (see Chapter lY). In any case, if the connections 
were made correctly, the terminal voltage produced for a 
given voltage per coQ, for a given speed and flux per pole, 
and a given number of coils per pole per phase, would be 
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indicated by the vector diagrams as given, regardless of 
the style of winding. 

It is worth noting here, how the three phases in Fig. 258 are 
Gonneoted together, because it is a fertile source of error. Fig. 259 
has been specially drawn so as to show the coils in each group 
squeezed together or concentrated, to make the picture clearer. A 
little study will show that on account of the number of poles and 
the position of the groups relative to each other, the e.mi. in 
Groups 6 and 2 reaches its marimuTn instantaneous value in the 
direction from Oi to 5i, just one-third period, or 120 degrees, after 
the ejn.f. in Groups 1 and 4 reaches its maxiTnum instantaneous 
value in the direction from oi to &i, or, that ^oito&s lags 120 de¬ 
grees behind Ea^\ohi\ siinilarly, that ^aito&i lags 120 degrees be¬ 
hind or 240 degrees behind to and that ^ai to&i lags 

120 degrees behind .^aito&i- If we desire a correct throe-phase 
star or Y connection, we must connect the three points Oi, oa and og 
together (this is called the neutral point), and take our three- 
phase loa^ from &1-&1, &i-5a and hrhi. Fig. 260 indicates the 
equivalent of this connection, and at the same time shows the 
vector diagram according to which the e.m.f.’B are combined to 
get the tenninal e.m.f.'s of the several phases, or terminal voltage 
^ the machine. Notice that in Fig. 260a we have connected 
Groups 2 and 5 together in a sense opposite to that in which Groups 
1-4 and Groups 3-6 are connected, instead of having all pairs con¬ 
nected in the same seoose as in Fig. 259. Then we have connected 
the “Starting ” ends of Groups 1-4 and 3-6 to the “Finishing " end 
of Groups 2-5, instead of connecting the Starting ends of all groups 
together as described above for Fig. 259. One of these changes 
exactly compensates the other, and the purpose is to shorten the 
connections between each group and neutral. If we desire a cor¬ 
rect three-phase mesh or delta connection for Fig. 259, we should 
join 5i to oi, to oi and 63 to Ui, and connect the three-phase loads 
to these junction points, which are the terminals of the winding. 
Fig. 261 illustrates this coimection, and the vector diagram repre¬ 
senting it. Taking the positive direction to be from a toward h 
in all phases of the winding, the phases are suocessively 120 degrees 
apart; and the resultant of three such phases in series so that their 
positive directions are the same throughout the series (as con¬ 
nected in the delta) is seen to be zero by the closure of the dia¬ 
gram in Fig. 261. 

88. Open and Closed Windings. Relative Capacity for 
Different Methods of Connection. The same coils may be 
ooimeoted together to form either a closed winding, as shown 
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in Fig. 262 for a single-phase alternator, or an open winding, 
as shown in Fig. 263. For the sEune flux and speed, the same 
machine with open winding, connected as in Fig. 263, will 
safely deliyer only half as much current, but at twice as great 



Fig. 262. Sin^phaae dosed winding. Fig. 268. Single-phase open winding. 
100 amp., 100 volts, 10 kv-a- capacity. 60 amp., 200 volts, 10 kv-*. capacity 




Fig. 264 Incorrect tapping and oon^ 
nection for single-phase winding. 
50 amp., sero vdts, sero capacity. 


Fig. 266. Two-phose closed winding. 
70.7 amp., 100 volts for each phase, 
ajh and ajh. Total capacity » 
2 X 70.7X 100 = 14.14 kv-a. 


voltage, as it would with coils arranged in the closed winding 
shown in Fig. 262. The total kv-a. capacity would be the 
same in either case. Care must be exercised *to connect the 
parts of the open winding so that the total e.m.f. is as great 
as possible, or so that the coils connected in series to form 
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each phaae are not in opposition. Failure to observe this 
may result as indicated 
diagrammatically in Fig. 

264, which illustrates the 
effect of connecting Fa 
to 8i, leaving St and Fi 
as the terminals of the 
single-phase winding. 

Fig. 205, 266 and 267 
illustrate the correspond¬ 
ing arrangements for a 
two-phase winding, Fig. 

266 representing the 269. Two-phase open winding, 
closed winding. Fig. 266 50 amp., 141.4 volts in each phase, 

ai&i and oihi. Total oapacity » 
2 X 60 X 141.4 ° 14.14 kv-a. 

the effect of connecting the halves of each phase so as to 
oppose instead of help each other. 



the open winding for 
same coils and Fig. 267 



267. Incorreot oonnections for two-phase winding. 60 amp., 
sero volts for each phase. Total capacity — sero kv-a. 

Bxamide 1. Fig. 268 represents for a two-pole three-phase alter¬ 
nator, the connections of a ring winding equivalent to the drum 
winding most frequently used in alternating-current machines, 
namely a Y connection with one group of colls per phase per pole. 
All groups in each phase are arranged so as to be in phase with each 
other, thus delivering at the terminals the greatest e.m.f. possible 
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to obtain from the TPaohine with the given ooilSj speed and flux. 

At rated frequency or 
speed, and normal flux 
or ouirent per field coil, 
this machine is capable 
of daliveiing 200 kv-a. 
at a voltage of 2300 
between any two termi¬ 
nals, with balanced load. 
This tells us indirectly 
the following important 
facts concerning the ma¬ 
chine: 

(a) The greatest current 
that any coil of the 
winding can be allowed 
to cairy steadily without 
overheating it and ruining 
the insulation. Thus, i 

tdon for this aniiature. At a rating of rated 

200 kv-a., 2800 volts for the generator, 

eaoh ooil oBiiy 60.3 <mp. then, effective values 

throughout, 

200,000 vdlt-ampereB - Vs X 2300 volts X I. amperes. 



TdnaJnali 


Fig. 268. Best three-phase staivoonneo- 


J.- 


200,000 

1.732 X 2300 ‘ 


' 60.2 amperes. 


( 6 ) The greatest e.m.f. that can be delivered by any one of the six 
groups of coils into which the winding is divided (as 1 and 4 , or 3 
and 0 , or 5 and 2 ) while carrying a current of 50.2 ampere, and 
while the machine is turning at rated speed, without requiring a 
fiux which will cause excessive hysteresis and eddy-current losses 
in the armature core, or a field current which will overheat the field 
ooils. Thus, if £^0 be the volts across each group of coils, as across 
Si—F 1 or Sr-Ft or 5r"Fa, at full rated load, then 

2300 -V3x(2B,), 

as is evident from the corresponding vector diagram, Fig. 269, 
hence Eg = 2300/2 Vs = 664 volts. 

Check: The sum of the volt^amperes developed in all three phases 
of th^ winding ought to be equal to the total volt-amperes output 
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from thfi termizi^ of the maohiiie. In t.hiH case, the voltB per phase 
of the windiog = 2 X 664 = 1328; and the amperes » 60.2. 
Hence, total yolt^amperes of three phases of winding « 3 X 1328 
X 50.2 « 200,000. It would not be correct, in general, to say that 
the total voltnamperes in all the coils or groups of the winding (as 
1 + 2 + 3 + 4 + 6 + 6 ) should be eqxial to the total volt^amperes 
output from the terminals, because it is not always true that the 
ejni.'s of all coils or groups in the same phase of the winding (as 
&- 184 ) are in phase with each other, althou^ the current would 



Fig. 269. Polar vector diagram for armature in Fig. 268. Note that 
the voltage across each coil, at the rating of Fig. 268, must be 664 
volts. Note also that the voltages across any two coils in series as 
SiF\ and F 4184 are in phase. 

be the same. Hence the power-factor might be different for dif- 
fer^t coils, and, therefore, their voltamperes could not be added 
together arithmetically, but must be added together vectorially. 
In the cose just shown, we could have checked just as well by simply 
adding arithmetically the voltnamperes in all six groups, but only 
because the Groups 1 and 4, which compose Phase 1 of the winding, 
are in phase with each other, and so on. This is not so in some 
cases which follow. The phase angle between current and e.m.f. 
in each of the three phases of the winding is always equal to the an^e 
whose cosine is the power-factor of the external circuit, whenever 
the load is balanced. This equality does not extend any further 
than the wh(de phases, and thus is not necessarily true for each 
coil or group of coils in a phase. 
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Prob. Explain by means of vector diagramfl what results 

would be obtained by malriTig the following connections in Fig. 259. 

(a) oi to Os, to &a, oe to &ij junction points being armature 
tenninidfl. 

(&} &i to 59, oi to Ofli to Oij junction points being armature 
tenninflls. 

(c) 5i to 2)8, ui to 5s, Os to oi, junction points being armature 
termiofds. 

(d) fli, 59 and Oo together, otheis as terminals of the armature. 

(s) 5i, 2)8 and 58 together, others as terminals of the armature. 

Prob. 19-7. Specify which coil terminals should be connected 
together and which would be the terminals of the armature, for a 
star connection in Fig. 259, and show the simplest change by which 
it can be converted into a delta connection. 

Prob. 20-7. If you were given a machine which was deltarcon- 
nected, and required to reconnect it in Y, show how you would tag 
the terminals of each armature group, and which terminals you 
would join together after separating the original groups. Illustrate 
by ske^es of the winding. 

Prob. 21-7. The generator shown in Fig. 258 gives a voltage of 
2200 between any two terminals when connected correctly as a 
three-phase delta. Show by sketch how you would connect it up 
in Y so as to make Groups 1 and 2 form one phase of the winding, 
Groups 3 and 4 another phase. Groups 5 and 6 another phase. What 
would be the terminal e.m.f. when so connected, and what percent¬ 
age would be sacrifioed in the maximum permissible total power 
output of the alternator? 

170TB. In the diagrams referred to in the following problems, 
the arrows on each coil indicate the direction of the instantaneous 
emLi. correBponding to the position diown, not the conventional poBitive 
directions; ore put there to aid the student to see whether the 
coils are connected correctly in series or in paralleL 

Prob. 22-7. What will be the rated full-load values of amperes 
per terminal, volts between terminals, and total kv-a. capacity, of 
the same winding illustrated in fig. 268 and specified in Exam. 1, 
but when connected as in Fig. 270? (Fig, 271 is the corresponding 
vector diagram.) 

Prob. 28-7. Solve Problem 22-7 on the basis of connections 
shown in Fig. 272. (Fig. 273 is the corresponding vector diagram.) 
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Fig. 270. The armature of Fig. 268 reooimeoted m star. Arrow- 
heada denote instantaneoua direction of e.m.f. 



Fig. 271. The vectcSr HiA £rr n.Tn for the armature aa connected in Fig. 
270. Note that the voltages in the coils SiFi and jSiFi are not in 
phase, as the voltages in SiFi and F 41 S 4 of Fig. 260 were. 
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Prob. M-7. Solve Froblem 22-7 on the baais of conneotioiu 
ahomi in 274. (E^. 276 is the oorresponding vector diagram.) 






Fxq, 272. Another star oozmeotion for the armature of Fig. 268. 

Prob. 25-7. Solve Problem 22-7 on the baais of oonneotions 
shown in Fig. 276. (Big. 277 is the corresponding vector diagram.) 



B^g. 273. Polar vector diagram for the armature connected as in 

Fig. 272. 

Prob. 26-7. Solve Problem 22-7 on the basis of oonneotions 
shown in Fig. 278. (Fig. 279 is the corresponding vector diagram.) 

Prob. 27-7. From the solutions of the five preceding problems, 
explain which methods of connection should be used to achieve 
each of the following results: 
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(a) Obtain the greatest posable three-phase line cunemt output 
from the {pven ooOs. 



ZermliidlB 

Fig. 274. Another delta conneotion for the armature of Fig. 268. 

(h) Obtain the greatest possible three-phsse terminal voltage 
frcm the given ooila. 



Fig. 275. The topographic vector diagram for the armature oonneoted 
as in Fig. 274. 

(c) Obtain the greatest possible three-phase total load, in kv-a. 
from the given coils. 
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tTennliuilfl 



Ilia. 276. Another ddta oonneotinn for the 


armature of Fig. 208. 



Fio. 277. 


‘*»e voltage of th 
annature ooimected as in Fig. 270. 


Eg^' S pi- P» pob, «d». 

W A four-polfl numTiiriQ 

toStSS"'PPi" of PPi 
Prob. 28 - 7 . 


Solve Problem 28-7 for Kg. 270 and 278. 
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Fig. 278. The armature of Fig. 268 oanneoted in delta in stiU 



Fig. 270. The topographio vector diagram of the voltage in the 
anoature connected aa in Fig. 278. 





SUMMARY OF CHAPTER VH 


A TWO-PHASE GENERATOR is one which deUvers two 
having equal value but a phase difierence of 90 electri¬ 
cal degrees. 

A THREE-WIRE SYSTEM FOR DISTRIBUTING TWO- 
PHASE E.MP.’S can be connected to an open armature wind¬ 
ing, but not to a dosed winding without short-circuiting a part 
of the latter. 

TWO-PHASE DISTRTBUrmG SYSTEMS usually emidoy 
four wires. Four wires MUST be used with dosed armature 
windings. 

A FOUR-PHASE SYSTEM may be taken from a dosed cir¬ 
cuit winding tapped for two phases. In this case the ejn.f. of 
each phase of the two phases equals Vi, or 1.41, times the em J. 
of each of the four phases. 

THE CURRENT IN EACH COIL OF A TWO-PHASE 
GENERATOR WITH CLOSED WINDING, on balanced load, 
equals 0.707 of the current in each line wire. 

UNBALANCING THE LOAD, by making either the currents 
or the power-factors of the phases unequal, causes unequal cur¬ 
rents and unequal heating in the various parts of the armature 
winding. To avoid burning the insulation on any coils, the out¬ 
put of the armature must be reduced below the rated full-load 
value. 

A THREE-PHASE GENERATOR is one which delivers three 
ejni.’s having equal value but a phase difference of 120 electri¬ 
cal degrees each to each. 

TH^E-PHASE SYSTEMS are most commonly used 
because 

(1) The sin^e-phase motor is difBicult to start and costly 
to build. 

(2) The two-phase system requires AT LEAST three wires 
for transmission, one of which carries 1.41 as much cur¬ 
rent as either of the other two. Generally four wires are 
used, which makes the cost of copper greater than in the 
three-phase system. 


380 
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(8) Tliree<*phflBe generators are most economicaL The 
same winding tapped for three phases deliTers 1.60 times 
as much power as when tapped for single phase, and 1.06 
times as much as when tapped for two phases. 
the THREE-PHASE GENERATOR' is usually stax^-con- 
nected, though it may be delta-coimected. The kilovolt-ampere 
capadiy for a given machine is the same for both con¬ 
nections. The voltage between the terminals of a 8tai>con- 
nected machine is Vi, or 1.78, times the voltage between the 
terminals of the same machine delta-connected. 



PROBLEMS on CHAPTER VH 


Prpb. 80-7. Draw a sketch of a two-phase armature with a con- 
tinuous ring winding tapped for a six-pole field. 

Prob. 81-7. How many ami>ereB fiow in each armature con- 
ductor of the twa/^Tiitir of Problem 30-7 when it is supplying a bal- 
anoed two-phase load of 46 kilowatts at 90 per cent power-factor 
and 230 Tolts? 

Prob. 82-7. What result would be obtained by using a two-phase 
armature wound and tapped for two poles, in a four-pole field? 

Prob. 88-7. What result would be obtained by using a two-phase 
armature wound and tapped for four poles, in a two-pole field? 

Prob. 84-7. Draw the internal and external oonnectionB of a 
four-phase ring-wound armature (continuous winding) tapped for 
an d^t-pole field. 

Prob. 86-7. A certain two-pole ring-wound arc-lighting genera¬ 
tor has a rating of 10 amperes at 600 volts, direct current. Show 
the connectioDS of the external direct-current circuit to the windings 
through the brushes and commutator. Calculate the amperes 
flowing through each armature conductor at rated full load. 

Prob. 86-7. Show how this same winding of the generator in 
Problem 85-7 would be connected to deliver single-phase alternating 
current, instead of direct current, to the external circuit. Calculate 
how many amperes (effective vdue) harmonic alternating current 
could be delivered to the aingle-ph^ circuit without overheating 
any conductor on the armature. 

Prob. 87-7. Operating the machine of Problem 36-7 as an alter- 
natmg-current generator with the same speed and field flux as when 
delivering direct current, calculate the voltmeter reading at the 
alteanating-cuirent terminals. The alternating e.m.f. has very 
nearly a sine wave-form. Calculate the greatest kilowatt load that 
could be taken from the generator single-phase. 

Prob. 88-7. If the current in one phase of the two-phase ring- 
wound alternator of Problem 1-7 lags 30 degrees behind the induced 
e.nLf. in that phase, and the current in the other phase lags 60 de¬ 
grees behind the induced e.m.f. which produces it, each current hav¬ 
ing the rated full-load value of 50 amperes, what is the current in 
each armature conductor or each section of the winding? Assume 

382 



A-C. GENERATORS: POLYPHASE 


383 


that there ie no distortion of phase relations between, the induced 
ejni.'s due to the armature reaction. By what p^centage is the 
heating in each coil above or below normal or rated value? 

Prob. 80-7. Canagivenring-woundaltemator deliver anymore 
kilowatts or kUovoltnamperes when tapped and loaded two^phase 
than when tapped and loaded single-phase? Allow the same cur¬ 
rent in each armature conductor in both oases, and the same powet^ 
factor. In case of the two-phase, assume phases balanced. How 
does the e jn.f. on each of the two phases compare with that on the 
single-phase? 

Prob. 40-7. Draw a diagram like Fig. 243 for a two-phase ring- 
wound two-pole alternator delivering half of its rated full-load cur¬ 
rent of 100 amperes to one phase, and one and one-half times rated 
full-load current (or 150 amperes) to the other phase, both loads 
being non-inductive. Assume the induced voltages to be equal in 
both phases, say 250 volts. Calculate the current in each arma¬ 
ture coil, phase angle between current and e.mi. in each coil, and 
power developed in each coil. Calculate also the total kilowatts 
generated in the two phases, and thus check your solution. By 
what percentage is the rate of heating of each armature coil greater 
or less than it should be at normal full load? 

Prob. 41-7. In Fig. 234, which coils in the armature would be 
overheated, and by what percentage, if both phases carried full¬ 
load current, but phase ajb% had a power-factor of 0.50, lagging, 
while phase ai5i had a unity power-factor? Solve by a diagram 
ahnilar to Fig. 246. 

Prob. 42-7. What is the greatest permissible current output 
from each phase of a two-phase two-pole ring-wound alternator, 
rated 230 volts, 100 amperes per phase, both phases having a power- 
factor of 86.6 per cent, and with one phase delivering 20 per cent 
more current than^the other phase, without allowing any conductor 
on the armature to be heated faster than under rated full-load con¬ 
ditions? What per cent of its rated total kilowatts load is the gener¬ 
ator carrying in this case? 

Prob. 48-7. If the alternator specified in Problem 14r-7 were 
reconnected in star or Y for three-wire system, what would be the 
rated voltage and current output? If full-load current were taken 
from one pair of terminals, or one phase only, at rated voltage, at 
what percentage of its rated full-load kv-a. would this generator 
be working? The average watts./’iS loss in the whole armature 
would then be what percentage of the normal full-load value? 
Load is non-inductive. 
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I^ob. 44-7. Wbftt are the greatest amperes and kv-a. that could 
be taken from a single pair of terminals of the alternator of Problem 
43-7 when star-connected? 

(a) On the supposition that the watts PR heating in no single 
armature conductor shall be greater than at rated full load. 

Q>) On the supposition that the total or average watts PR 
heating in the entire armature shall not be greater than at 
rated full load. 


Prob. 43-7. Draw a com¬ 
plete vector diagram for a 
three-phase star-connected 
alternator, rated 60 kv-a., 
2200 volts, loaded with full- 
load current from one pair 
of terminals only, (a) at 
unity power-factor, aM (6) 
at 86.6 per cent power- 
factor, lagging. In each 
case, calculate the power 
devdoped in each section or 
phase of the armature wind- 
these checks with the total 
power developed at the sin^e-phase terminals. Is any section 
of the armature winding being heated at an excessive rate? If 
so, which one, and by 
whskt peroenta^ above 
normal rate? Explain 
the meaning of your 
results exactly, by means 
of a dcetch of the wind¬ 
ing. 

Prob. 43-7. In chang¬ 
ing the phases of the 
armature winding shown 
in Fig. 280 from the PiQ. 281. Diagram of the way in which 
delta connection to the armature of Fig. 280 was reconnected for 
Y connection, the latter a star arrangement, 
connection is made as 

represented diagrammatically in Fig. 281. The machine was rated 
50 kv-a., 2200 vdta when delta-connected. What will be the volt¬ 
age across each pair of terminalB in Fig. 281. How would you 
remedy the difficdty? 




ing, and find whether the sum of 
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Prob. 47-7. A Y-oomxected three-phase alternator armature is 
to be altered to the delta oonnection. The armature coils A, B, C 
were originally connected as in Fig. 2S2a. Fig. 282 b, c, d and e 
represent four possible couplings of the coils for mesh cozmection. 
■Wliich of these connections are correct and which incorrect? 
Why? Dlustrate by vector diagrams what results would be ob¬ 
tain^ in each case. 

Prob. 48-7. In reconnecting the generator of Problem 21-7 
after making repairs, the Y coimections are made correctly to give 
greatest output, except that coils 1 and 4 are connected opposing 
instead of helping each other. Show such connections by a sketch, 



(SoHdi 



ABC 




ABC 


Fiq. 282 . In nhanging the star connection of (a) to a delta oonnection, 
which arrangements, (b), (o), (d), or (e), are oorreot? 


and explain by aid of a vector diagram what effects will be pro¬ 
duced on the terminal voltages of the several phases. 

Prob. 49-7. If the correct delta connections between phases 
were made on the machine in Problem 21-7 to give greatest output, 
except that coils 1 and 4 happened to be joined together opposing 
iTifftflAd of aiding each other, what would be the results? Illustrate 
the connections and results by a sketch and a vector diagram. 

Prob. 60-7. A certain six-pole two-phase generator, with open 
windings, rated 230 volts, 30 kv-a., has altogether 72 identical equi¬ 
distant coils in its armature vnnding. What is the phase difference 
between adjacent coils? How many coils per pole per phase? 
What is the e.m.f. across each coil at rated full load, assuming sine 
wave of e jn.f. in each coil? How would you rearrange the connec¬ 
tions between the coils so as to get a three-phase winding? How 
many coils per pole per phase would there then be? Ulustrate by 
vector fiiAgt^TTiH and ske^es. 
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Prob. 51-7. After the alternator of Problem 50-7 haa been re- 
oonnected for thiee-phaae power, what would be its rated amperes 
output per line rated volts between line wires, and rated total . 
kv-a. oapadty: 

(a) If the three phases were Y-oonnected? 

(b) If the three phases were deltarconnected? 

The speed is fixed, by the driving engine and the frequency 
required by the app^atus oonnected to the distributing system. 
The flux per pole cannot be inoreaBed without excessive losses 
and heating in the armature iron and in the field copper, and it 
cannot be decreased'without losing some power capacity and 
making the armature reaction greater and the voltage regulatioa 
poorer. The volts per coil are therefore just the same as before 
the change of connections. Assume each coil to generate a sine 
wave of e mi. Illustrate your solution by vector diagrams. 

Pf bb. 62-7. What^is the least total number of similar coils, uni¬ 
formly distributed around the armature, that an altematmg-ourrent 
generator or motor with six poles may have, without making it 
impoBsible to change the machine from two^phase to three-phase 
by simply rearranging the connections between coilB? How many 
coils pet iKyle? If the machine had a three-phase rating of 7.5 kv-a., 
230 volts, and was Y-oonnected, what would be its two-phase rating, 
in amperes and volts per phase, and total kv-a.? Slustrate solution 
by sketches of internal connections, and vector diagrams. 

Prob.. 68-7. Draw a four^pole alternator with 24 similar and 
equidistant armature ooils, connected together for two phases with 
open winding. Note bow this is done in Pig. 266 for a two-pole 
machine. If each coil produces a sine wave of e.m.f. of 50 -^ts 
tfective value and can cany 20 amperes without overheating, whafc 
is the e.m.f. between the terminals of each phase, and the total kv-a. 
capacity when so connected? 

Prob. 64r-7. Draw a sketch of oonneotions for the tdtemator of 
Problem 53-7 as a three-phase machine, deltarconnected. Calcu¬ 
late the amperes output per terminal, volts between terminals, and 
total kv-rs. capacity. 

I^ob. 66-7. (a) How would you reconnect the 24 similar and 
equidistant armature coils of a 60-oycle 1800-r.p.m. two-phase 
alternator so as to make it deliver three-phase power? (6) How 
would you do it if the machine has 36 coils? 

^ Prob. 56-7. What is the greatest voltage that it woulchbe prac¬ 
ticable to get, three-phase, by reconnecting a single-phase alternator 
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rated 60 cycles, 1800 r.p.m., 7.5 kv-a., 220 volte. As a single-phase 
machine the annature has an open winding consigting of 36 similar 
and equidistant coils, connected all in series. 

Prob. 67-7. A BO-cycle 900-r.p.m. three-phase alternator has 96 
armature coils, aU similar and equidistant. It is rated 100 kv-^a., 
2300 volte, and is Y-connected. How many coils per pole per phase? 
What is t^ phase cMerence between the e.m.f.'s of adjacent coils? 
If each coil delivers an e.m.f. of approximately sine wave-form, 
what is its effective value in volte? What is the current which each 
coil can carry without overheating, at rated full load? 

Prob. 68-7. With the same speed and field excitation, what 
volts, amperes and kv-^. would the alternator of Problem 57-7 de¬ 
liver if reconnected for single-phase, open winding? Draw a vector 
diagram and a sketch to illustrate. 

Prob. 69-7. Solve Problem 28-7 for Fig. 272 and 274. 

Prob. 60-7. How would the three delta windings shown in 
Fig. 274, 276, 278 compare with each other as to the weight of 
copper requir^ to deliver any specified voltage and current at the 
terminals, with the same total PR loss in the entire armature wind¬ 
ing, and the same frequency, number of poles and useful flux per 
pole in each case? Choose any convenient values of E, I and 
total PR; if the chosen values are adhered to throughout the calcu¬ 
lation, they will not affect the comparative results. 

Prob. 91-7. Solve Problem 60-7 for the three star windings 
shown in Pig. 268, 270 and 272. 

Prob. 62-7. The statement is made that the best delta arrange¬ 
ment of winding requires 73 per cent more inductors (and corre- 
spondin^y greater active length of conductor in the winding), each 
haviog 58 per cent of the original size, than the best star arrange¬ 
ment of the same coils, to deliver the same amperes and volte at 
the three-phase terminalfl, with the same total PR loss in the 
winding. Prove whether or not this statement is true. 

Prob. 63-7, Windings are sometimes desijgned so that when one 
type of connection is used between groups of coils, the machine will 
deliver 11,000 volte, three-phase, and when the connections between 
groups are changed to another type, the same machine operating 
with practically the same flux and speed will deliver 6600 volte, 
three-phase. Illustrate by sketches how this may be done. 

Prob. 64-7. How many kv^a. could be taken continuously by a 
single-phase external circuit connected between two of the three 
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terminalfl of the 'alternator in Fig. 268, rated as in Example 1? 
Aaaume that the terminal voltage can be kept up to the rated three- 
phase value Tvithout requiring excessive field current; and that the 
euiient out^t is limited by the heatup of any single coil. This is 
generally true in practicei especially in large ^orators, it being 
possible to bum out a sin^e coil or group of coils completely with¬ 
out seriously damaging the adjacent coils. 

Prob. 65-7. How many can be taken single-phase from 
the machine specified in the example of Paragraph 88, when the 
windings are arranged as in Fig. 270, and on the assumptiona speci¬ 
fied in Problem 64-77. 

Prob. 66-7. Solve Problem 65-7 for the same windings arranged 
as in Hg. 272. 

Prob. 67-7. Solve Problem 65-7 for the same windings arranged 
as in Hg. 274. 

Prob. 6S-7. Solve Problem 65-7 for the same windings arranged 
as in Fig. 276. 

Prob. 6B-7. Solve Problem 65-7 for the same windings arranged 
as in Fig. 278. 

Prob. 70-7. If the alternator sprafied in” the example of Para¬ 
graph 88 were d^vering a balano^ load of 100 kv^a. at 80 per cent 
power-factor to three-phase induction motors, how much sins^e- 
phase lamp load at unity power-factor could it carry in addition 
oontinuouBly across one pair of terminals, on the assumptions speci¬ 
fied in Problem 64r-7. 

Prob. 71-7. If the alternator of Problem 70-7 were connected 
as in Fig. 274 and were delivering a balanced load of 150 kv-a. at 
87 per cent powei^factar, lagging, to a transmission line, how much 
ffln^e-phase load at 65 per cent power-factor, lagging, could it 
carry in addition across one pair of terminaJs, on the aasumptionB 
specified in Problem 64-77 



CHAPTER Vni 

THE GENERATION OP PROPER E.M.F. WAVE-FORM 


This great importance of proper e.m.f. wave-foim was not fully 
appreciated before large power plants and long-distance and high- 
voltage transmission lines became necessary. It is difficult, and 
often impossible, to operate altemating-cuirent machines inter¬ 
connected on the same system unless thoy all generate very nevly 
the same wave-form of e.mi. A very alight departure from a sine 
wave-fonn of e.mi. causes to flow between the parts of the system 
heavy currents which are reactive in the sense that th^y deliver 
no power except the heat loss that thoy produce in the conductors. 
Moreover, the effects of an alternating e.m.f. upon a drouit caonot 
be calculated accurately or conveniently unless it varies according 
to the simple sine law. Therefore, the first and most necessary con¬ 
sideration about an altemator is that it shall generate very nearly a 
sme wave of e.m.f.; and as considerable variations of wave-form may 
be produced by differences in construction and method of operation, 
or even by such a usual fact as wearing of the bearings, it is desirable 
for us to study this subject briefly. 

The wave-fonn of e.ni.f. depen(k upon the way in whldi the mag¬ 
netic flux is distributed around the poles, and the way in which 
the inductors in each path are distributed over the surface of the 
armature. The actual form of the wave representing the variation 
of e.mi. and current in any circuit from instant to instant is easily 
measured by means of several devices, and in fact may be automatic¬ 
ally drawn or traced out on a screen or on a photographic film, by 
the particular instrument known as the “oscillograph.’' Fig. 285 
to 288 are copies of oscillographic records taken from operating 
machinery and presented in Frooeedings A.I.E.E., Feb., 1913, by 
W. J. Foster. 

89. Actual Wave-forms, by Test, Showing Effects of Shaping the 
Poles. The effect upon e.mi. wave-form due to changing the shape 
of pole faces is illustrated in curves of Fig. 286, 286 and 287 taken 
on a 60-oycle 150-kw. 6600-volt three-phase belt-driven generator. 
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The only ohanges made between these several records were on the 
pole {aces, the air gap b^g slightly increased and the pole tips 
bevded off between records 285 and 286, and the curvature of t^ 




Fig. 285. The unbeveled pole tips in (a) produce the ragged curve 
of ejni. shown in (b). 

pole faces being made smoother between records 286 and 287. The 
effects upon wave shape are seen to be tremendous — abnormal, 
in fact—due to the relativdy large ratio between width of slot 
and length of air gap which existed in this x)aitioular alternator. 
All three curves were tahen at zero load. 


A 

(a) (b) 

Fig. 286. The pole tips of Fig. 285 have been beveled to the shape 
^ownin (a). The resulting smoothing of the e.m.f. curve is shown 
in (b). 

The same g^eral effects are illustrated by Fig. 288a and 288b, 
taken from an 18-kv-a. 25-cycle 760-r.p.m. three-phase 110-volt 
alternator, operating without load. In Fig. 2S8a the radius of 
curvature of the faces of the revolving poles was 8i inches, whereas 
in Fig. 2^b this radius was cut down to 7J inches, this being the 
only change. This not onl^ increased the difference between the 
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air gap at the center and at the tips of the pole, oauaing the flux to 
concentrate rather more at the center of the poles and tend to stay 
there against the redistributing or distorting effect of the armature 
currents, but there was also an increase in the actual average length 





(a) (b) 


Fio. 287. The curvature of the beveled pole tips of Fig. 286 has been 
smoothed to (a) and the curve of e.m.f. becomes much smoother 
as is shown in (b). 

of the air gap and in the ratio of air gap to slot width. The smooth- 
ing-out of the no-load e.m.f. curve is. due principally to the latter 
cause. The reason wiU be seen from inspection of Fig. 289a and 
289b, which show how the effective seotionaJ area of the magnetic 
path for the flux through the air gap and teeth into the steel core 



(a) (b) (o) 


Fig. 288. The e.m.f. curve (a) was taken and then the radius of curva¬ 
ture of the pole face was made one-half inch less, and the e.m.f. 
curve Q}) resulted. At full load the curve (b) becomes curve (c). 

of the armature varies from instant to instant as the armature ro¬ 
tates, and the number of teeth under the pole face changes. The 
change is usually small and is purposely exaggerated in the sketch 
to make it clear; nevertheless the reluctance of the path of the flux 
through the air gap and teeth is actually caused to change periodic¬ 
ally at a high frequency. This produces a corresponding periodic 
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pulsation iatlie strengtih of the useful flux and, therefore, in the in- 
duoed e.m.f.| the frequency of the fluctuation depending upon the 
speed of the machine and the number of teeth, and the amount of 
fluctuation depending upon the ratio of chan^ in the magnetic 
rduotanoe. fluctuation of induced e.m.f. appears as rippLes 

in the e.m.f. wave, fine ones if the number of teeth or slots per pole 
is large, and long ones if this number is small. If we make the air 
gap longer while keeping the number of slots per pole unaltered, 
it is seen that the magnetic reluctance of air gap and teeth is greater, 
hence, the same actual fluctuation produces a relatively less effect 
upon the useful flux and induced e.mi., and the ripples are smoothed 
out. Pig. 288o was taken from the same machine oarrying its 
rated full load at unity power-factor, the pole face being same as in 




Fm. 289. By comparing (a) and (b) it will be seen that the path of 
the flux from pole to armature is ever changing as the armature 
teeth and slots pass the pole face. This causes the ripples in the 
ejmi. curve of Eig. 288 (a). 

Fig. 288b. Practically all traces of the oripnal ripples have been 
smoothed out. This effect of load upon wave-form of e.m.f. is 
quite complex and not always the same. In this case the wave 
is smoothed, but sometimes the distortion of flux due to loading is 
such that the wave is made more irregular than at zero load. The 
inductive reactance of the armature, as well as the saturation of the 
teeth, affect tiie result. 

90, Calc u lati o n of Wave-form. Slnx Radial and Uniform from Bach 
Pole. Let us represent graphically the variations of e.m.f. induced in a 
sliiS^e inductor on the two-pole 6G-cyole 3600-r.p.m. alternating- 
current generator riiown in Fig. 214, on the basis of a uniform flux 
density of 60,000 lines per square inch in the air gap, an armature 
diameter of 6 mches, and an active length of 12 inches for each 
armature inductor. Assume the flux to pass radially into the 
armature core, without any fringing at the pole tips. Following 
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any one ohosen inductor, say that labded 1, through Eniooeesive 
marked positions ^ oyde apart, we see that 
Erom position 1 to position 3, e.m.f. » 0.0 volt. 

From position 3 to position 11 ,. ejn.f. is oonstaat at a yalue of 


00,000 X (3.14 X 6 " X 3600) X 12" 
10® X60 


volts = + 8.16 volts. 


in a direction out of tiie paper toward the reader. 

Erom position 11 to position 15, e.mi. =3 o.O volls. 

Erom position 15 to position 23, e.mJ. = — 8.16 volts, away from 
the reader. 

Erom position 28 to positian 1 , e.mi. = 0.0 volt, completing one 
cycle. 

Plotting these e.m.f.’s as ordinates with respect to positions as 
abscissas, we get the heavy line in Eig. 200, which is the form of 



Fiq, 200. The waveform produced in oonoentrated armature wind¬ 
ings with flux uniformly distributed over pole face and pitwring 
radially into the armature. 


"e.mf. wave" induced in each single inductor on t.biH armature. 
If ten inductors or ten turns of winding were bound closely together 
into a bundle or coil, forming what would be called a concentrated 
winding, the total e.m.f. for the entire bundle or coil-aide would be 
10 X 8.16 = 81.5 volts instead of 8.16 volts, but the form of the 
e.mi. wave would be exactly the same. 
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01. Effects of Fringing of Flnz and of Annature Reaction. In the 
actual maohinej the flux would always i^read out or stray somewhat 
near the pole tips, so that the e.mi. would not begin and end ab¬ 
ruptly, but gradually, as indicated approximately by the dotted 
I^nes in Fig. 290- Moreover, when the circuit is completed exter¬ 
nally and the generator delivers load, the magnetic effect of current 
flowing throu^ the armature wires would not only change the 
value of the flux, but also distort it somewhat, shifting it away from 
the leading pole tip and nriRTriTig the density correspondingly greater 
near the traiJmg tip * The ejn.f. induced as the inductor passes 
through any point is equal to the rate of cutting flux at that point. 



Fig. 291. The current flowing through the armature conductors may 
cause the flux to be crowded into the ^'traOing'’ pole tips as this 
curve shows. The e.mi. curve of Fig. 200 would then assume this 
same ^pe. 

As the speed is constant, the form of the e.in.f. curve will be exactly 
the BftTTifl as that of a flux curve, which shows flux density (as ordi¬ 
nate) at each position (as abscissa). The effect of loading the 
generator then, will be to change the form of the curve in Fig. 290 
(representing either distribution of flux or values of e.m.f. induced, 
according to the scale of ordinates used) to some other form like Fig. 
291. The amount of change depends upon the extent to which 
armature reaction affects the useful flux, which again depends upon 
the relation of the amperes and turns in the armature winding to the 
ampere-turns in the fiidd winding, distribution of armature winding. 

The leading pole tip is the tip which the conductor first comes 
under when it reaches the pole. 
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and power-factor of load. Note that the e.in.f. gradually increajses 
as the inductor approaches the trailing tip of the pole where the 
flux is most dense. 

92. Effects of Shapiiig the Pole Tips. In an effort to reduce the 
amount of this flux distortion due to magnetic reaction of the loaded 
aimatur6| and to make the generated e.mi. approach more closely 
to a sine wave, the face of the pole is often giv^ a radius of ourv^ 
ture differing from that of the armature, or the tips of the poles are 
beveled somewhat, as illustrated in Fig. 293 and 292, re^ectively. 
The flux resists being crowded to the trailing pole tips of the genera¬ 
tor, because this would require more of it to pass through a longer 
air gap, and flux always tends to choose the path whose magnetio 



Fia. 292. A pole face with a cur¬ 
vature less than that of the arma¬ 
ture, causing higher flux density 
under the middle of the pole, and 
less distortion of flux and ejni. 
due to load. 



Fta. 293. A beveled pole face 
^wing lines crowded towEird 
center of pole. It is more diflPk 
cult to crowd these lines into 
one tip because of the greater 
reluctance at the tips. 


reluctance is lea^t, jxist as current tends to prefer a circuit whose 
resistance or impedance is least. The effect of such cutting of pole 
tips upon flux distribution and the form of e.m.f. wave generated 
is represented by Fig. 294. In some concentrated windings for 
alternators, the form of e.m.f. wave is controlled entirely by shaping 
the pole pieces; but in most modem machines the series inductors 
in each phase or circuit of the armature winding are distributed in 
at least two or three slots under each pole, and the effects of this 
distribution of winding, or widening of the armature coils into 
bands of conductors, upon the form of e.m.f. wave, is very marked, 
and is most commonly employed to produce a close approximation 
to a sine wave-form. 

98. Actual Wave-forms Showing Effects of Distributing the Wind¬ 
ings. The effect, upon the wave-form of induced e.m.f., produced 
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by distributing the winding in different numbers of slots per pole, 
is illustrated in Fig. 295a, b and o, these being reproductions of 
osdllographio leooz^ tak^ at no-load from a 3000-kv-a. three- 



Fio. 204. The effect upon the e.m.f. of beveling the pole tips. The 
ejn.f. is much greater when the conductor is passing the oenter of 
the pole than when passing the tips. 


{disse staxionneoted GOOQ-volt alternator. Fig. 205a shows the 
emi. wave when the winding (of each phase) is concentrated in one 
dot per pole per phase. In Fig. 205b it is distributed in two slots 
per pole p^ phase, and the wave is seen to be generally smoother. 





(a) (b) (c) 

Fk3 . 206. The e.nLf. curve with the windings concentrated in one 
dot is shown in (a), in two edots in (b) and in three dots in (o). 

In Fig. 296o the winding is still further distributed in three dots 
per pole per phase, and the e.m.f. curve is quite smooth. These 
corves are not all to the same scale. 

04. Bzploiing-coil Method of Finding Wave-forms of S.M.F. In a 
Slnfl^e ColL The distribution of flux under the poles of the machine 
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is usuaJly explored by measurmg the wave of e.in.f. induced in an 
^'exploring coil” or separate oonoentrated winding wound in one of 
the slots under each pole, alongside the regular winding. The form 
of the curve between time and e.m«f. induced in such a coil is ex¬ 
actly the same as the curve between 
correqionding position and flux density 
in that part of the air ^p through 
which the coil is passing (if the spe^ 
of rotation is exactly constant, as 
usual). Fig. 206 is an oscillographic 
record of the wave of ejn.f. induced 
in an exploring coil on a 1400 kv-a. 

50-cyole three-phase 10,000-volt alter¬ 
nator, the coil being wound so as to 
span the full pole pitch of 12 teeth, or 
so that its sides were exactly under Fig. 296. The e.in.f. curve, 
the (mters of adjacent poles at the taken by means of an ex- 

same instant. Notice first the saw- pioring coil, of a 10,000- 

tooth fluctuations of high frequency volt generator, 
in the e.mi. wave due to the pulsations 

of flux caused by the teeth passing under the pole faces. These 
could be reduced in amplitude or smoothed out by mAlring the air 
gap greater or the number of slots per pole greater. Notice also 
the generally flat-top appearance of the wave similar to Fig. 290 
for a concentrated winding; also, the comparatively wide neutral 




(a) (b) (c) 


Fiq. 297. The curve (b) ^ws the effect of a load with a leading 
power^factor upon the generator voltage. The curve (o) shows 
how this curve was affected by the use of a compensating coil 
wound on the field structure. 

zones where the inductors out no flux and the e.m.f. is practically 
zero. 

06. Actual Wave-forms Showing Effects of Loading an Alternator. 
Fig. 207a and 207b illustrate the effect of load upon the terminal 
am.f. of an alternator, and Fig. 207c shows how this effect is neu- 
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tralized by use of a compensating coil wound on the fidd structure. 
The machine on which these curves were obtained was a SO-kv-a. 
00 -oyole single-phase alternator, having a cylindrical revolving held 
or rotor. 'Ihe load was a condenser, such as an underground cable 
unloaded, tidring an almost wholly reactive nharging current from 
the generator (see Second Course, Chapter VI). 

In general, the same three-phase winding will give an e.m.f. wave 
more nearly approaching a sine curve, between the terminals, when 
the phases are Y-oonnected than when delta-connected. Fig. 298a 
is a copy of the oscillograph record of terminal e.m.f. at zero load on 
a Y-connected three-phase generator, rated 2100 kv-a., 60 cycles, 
while Fig. 208b is for the same machine deltarconnected. 

96. Calcnlatlaii of Wave-form, Showing Bfiecta of Distrilmtiiig 
the Windings. The e.mi. between two terminals of an ^ter- 



Fig. 208. a is the e.m.f. curve of a Y-conneoted alternator, h is 
the 6.mJ. curve of the same generator A-connected. Note the fact 
that the Y-oozmeotion gives the much smoother curve. 

nating-ouirent generator at any given instant is equal to the 
sum of all the ejni.'s which are being induced at that instant 
in the individual inductors that are in series on the armature be¬ 
tween these terminals. This sum is an algebraic sum, having regard 
to the dlrectionB around the circuit of the component instantaneous 
emi.'s in the various inductors. At all instants, except two in 
each cycle (corresponding to the maTiTTinTn values of e.m.f. illus¬ 
trated in Fig. 216 and 217), some of the inductors in each of the 
parallel paths between ooU^ting-ringB will have e.m.f.’s opposed to 
those in the other inductors of the same path. In fact, the zero 
values of ejni. between rings are due to cancellation of opposite 
and equal e.m.f.’s in series, and not to inactivity of the inductors. 

To illustrate the effect of distribution of winding upon wave¬ 
form of e.iZLf. let us find the curve of e.m.f. produced between 
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the ooUeotmg-rings in "Fig. 211, under the following simple 
conditions: 

(a) When there is only one turn per coil or per pair of slots, 
or one inductor per slot. 

(&) When the flux distribution is such as to induce an ejn.f. 
wave of the rectangular form illustrated by !Elg. 290 (heavy 
line), in each inductor. 

(c) When the total number of equidistant slots on the arma¬ 
ture is equal to 48, of which only 2 per pole, or 8 altogether, 
are in \ 2 se for this winding. 

Curve 290a represents the e.m.f. induced in the inductor in one 
slot; curve 299b, the e.m:f. induced in the conductor in the adjacent 



Fio. 299. 


a » Curve of e.m.f. induced in one abt. 

h » Curve of e.m.f. induced in adjacent slot. 

r — Curve of resultant e.m.f., two adjacent induotora in series. 

slot under the same pole, which is in additive series with the former, 
as may be seen by inspection of the connections in Fig. 211. The 
e.m.f. in conductor h attains its maximiiTn value later than the e.m.f. 
in conductor a, but persists longer before it decreases again to zero; 
in fact, there is a ''difference of phase” between e.m.f.'s a and b, 
this difference being the time necessary to pass from the middle of 
one slot to the middle of the adjacent slot. Since there are alto¬ 
gether 48 slots under 2 pairs of poles, or 24 slots per cycle, the slot 
pitch, or distance between adjacent slots, is of 180 mechanical 
degrees, represented by ^ of 360 electrical degrees in a four-pole 
machine, or 16 electrical degrees or time degrees. Curve h is shown 
displaced by this amount with respect to curve a. The ordinate of 
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curve r is at all pointSi positions or instaats, equal to the (algebraic) 
sum of the ordinates of ourves a and h at the same instant. The 
^ding consists of two induotoiB under each pole located with 
respect to each other and to the pole as a and h are.* Hence for the 
four-pole here conside^i the form of the curve of total 

ejnJ. between tings will be as developed in curve r, Fig. 299. Each 
ordinate; however; will be four times as great; since there would be a 
X>air of conductors in a oorrefiponding position under each pole and 



Fia. 300. Curves of e jn f. in each oonduotor of a generator using three 
adjacent slots per pole out of a total of twelve slots per pole. 



Fio. 801. Besultant of three e.m.f.’s in serieB; like O; h, C; of Fig. 300. 

the four pairs would bo in series. Hence, the average and effective 
values will each be four times as great; as the total e.m.f. for the 
entire winding will be the sum of four ourves like curve r, Fig. 299, 
almost eicactly in phase with each other. When the actu^ fringing 
of the flux at the pole tips, and consequent rounding of the comers 
of ejn.f. curves, are t^en into account, we find that the actual 
resultant e.md. curve is about as shown by the dotted lines in Fig. 
299. 

* Ihe band of oonduotois cannot always be located in exactly similar 
TnuTmftr with respect to ^ poles when using this particular (wave) wind¬ 
ing, on account of the nec^sity for the winding to progress around the 
annature, but the difference is small. 
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Fig. 802. The e.m.f. developed in each oonduotor of a geneorator uaing 
four slots a, h, o and d per pole out of a total of twdve slols per i>ole. 
The lower curve is the resultant voltage across the four oonduotors 



Fig. 303. Note that the curve becomes more peaked as we add more 
oonductoTB per pole. 



Fig. 304. The. curve becomes still more peaked with six conductors 

in series. 
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Fig. 300 and 301 illustrate the composition of the curve of re* 
aultant e jn in a winding occupying three slots per pole out of 24 
slots per pair of poles, or 12 slots per pole, flux density uniform over 
the entire pole face or air gap. The heavy line is developed on the 
assumption of no fringing, and the dotted line illustrates the result 
obtained when iringing oocurs as in the actual machine. The scale 
of ordinates for the curve will depend upon the flux per pole, 
frequency or speed, and niJmber of series conductors per slot. 



Fig. 302 is developed for the same armature with a winding occu¬ 
pying 4 slots per pole, Fig. 303 for 5 slots per pole, Fig. 304 for 6 
slots per pole, 1^. 306 for 8 slots per pole, and Fig. 306 for 12 slots 
per pole. Notice that, as we start from a winding concentrated in 
one slot per pole, and widen the winding into a band consisting of 
2,3,4, 5, 6, S and 12 slots per pole (all inductors being connected in 
series with each other), the curve of resultant e.m.f. changes from a 
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low flat-topped wave (for concentrated windi^, as in Kg. 290 or 
209) to a peaked wave (for distributed winding as in Kg. 305). 
Then, as the winding becomes still more extensively distributed, the 



series, the e.m.f. curve again becomes flat-topped. Note that the 
resultant e.m.f. is very little higher than that of Fig. 305 although 
there are 50 per cent more inductors and copper. 

wave becomes flat-topped again and higher or greater in amplitude 
(though not nearly in proportion to the increase in the number of 
inductors), as shown in Fig. 306. For usual values of “polar em¬ 
brace/' a close approximation to the sine wave-form for the resultant 
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ejni. i6 obtained by distributing the Ending over about one-third 
of the total number of alotSi as is done in a three-phase annature 
whose winding fiQa all of the idots. 

Prob. 1-8. An alternator, such as illustrated in Fig. 214, operates at 
60 oyolea frequenoy with a peripheral speed of 6000 feet per minute. 
The aotiye length of eaoh induotor is 10 inches. The poles cover ) of 
the drouznferenoe of the armature, and there are 24 inductors. The 
flux is unifoiin in the air gap and hu an average density of 50,000 lines 
per square inch; assume no fringing at the pole tips. Draw to scale 
the e.mi. wave induced in a single induotor. Calculate the average 
and effective values of this ejni.; also, the form-factor, or ratio of 
effective to average emi., and the ampUtade-foctor, or ratio of maxi¬ 
mum to effective e.m.f. 

Prob. S-8. Again in this same alternator the flux fringes out aiinilarly 
at both pole tips, so that the density inoreases uniformly from zero value 
. at position 2 to the marimum (specified in Problem 1-8) value at posi¬ 
tion 4^ remains at that value from 4 to 10, then deoreaseB uniformly to 
zoo at position 12. The flux distribution under the other pole is, of 
course, exactly siTnilar. Draw a curve between flux density as ordinates 
and positionB as abaoisBas. Draw also a curve between instantaneous 
volts induced in a sm^ inductor as ordinates, and time in seconds as 
absciaBas. Compare these curves. 

Prob. 8-8. From the curve in Problem 2-8, calculate the average 
and ^eotive values of e.m.f. in one induotor, and the form-factor and 
amplitude-factor. By comparing results with Problem 1-8, draw some 
oonchisions oonoeming the effect of rounding the comers of the e.m.f. 
curve. Calculate the total flux per pole in Problem 2-8, and the total 
flux par pole in Problem 1-8, and find whether the effective e.m.f. per 
inductor has been changed in greater or less ratio than the change in 
flux per pole. Calculate the average flux density and find whether the 
average ejni. per inductor has been changed in the same ratio as the 
average flux density. 

Prob. 4-8. 'When the generator of Problem 2-8 delivers a certain 
amount of current at a certain power-factor^ the flux from eaoh pole is 
both changed in amount and rearranged over the pole face, so that the 
density now rises uniformly from 20 per cent below the zero-load aver¬ 
age dmisity (50,000 lines per square inch), at position 4, to 10 per cent 
above zero-load average density, at position 10, fringing out wi^ a uni- 
formly decreasing density from position 4 to position 2, and from 10 to 
12, being zero from 24 to 2 and from 12 to 14. Draw the curve of flux 
distribution and the curve of e.m.f. in a single inductor, aa described in 
Problem 2-8. Calculate average and effective values of e.m.f., and form- 
factor. Calculate average flux density and total flux per pole. Com¬ 
pare results with Problems 3-8 and 1-8 and find whether the average 
ejn.f. and the effective e.m.f, have been altered in greater or less ratio 
than the total flux per pole. 
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Prob. 5-8. CaJoulate the average and effective values of the e.m.f. 
curve (a) in Fig. 299 and of curve (r) (heavy lines) using any scale of 
volts that may be convenient, and ordinates not more than 15 electrical 
degrees apart. Is the average value of the resultant equal to the arith¬ 
metical sum of the average values of the components? Is the effective 
value of the resultant equal to the arithmetic sum of effective values 
of the components? Is it equal to the vector sum of the obmponents, 
if each component is represented by a vector (length of vector propor¬ 
tional to effective value of component e.m.fang^ between vectors equal 
to phase difference between components)? Cirioulate the form-factor 
of one component and of the resultant e.m.f., and compare these values. 

97. Irregular Wave-fonns of B.M.F. Undesirable Effects. If 
the wave-form of e.mi. produced by an alternator departs much 
from the standard form (sme wave), (he following undesirable 
effects result: 

(1) Parallel Operation. Cross-currents. 

When it operates in parallel with another alternator of dis- 
Rimilar wave-form, currents are exchanged locally between the 
armatures, which deliver np power to the drouit, 

but nevertlieleBs heat up the armatures and reduce their 
capacity for delivering power output (see Art. 134). If 
the difference is very great, the machines may not be able to 
operate together at all. 

(2) Peeked Waves. Better insulatian necessary. 

For a wave-form more peaked than the standard sine wave, the 
“amplitude factor,“ or ratio (maximum value to mean effec¬ 
tive value), is greater than for the sine wave; and for a wave 
which is more nearly flat-topped than the sine wave, this 
factor is leas. Insulation may break down at any instant 
during the cycle — usually, of course, at or near the TnaxiTnum 
or peak value of e.m.f. For a given mean effective value of 
voltage, that alternator will have the greatest stress upon its 
insulation whose wave-form is most peaked, other things 
being equal. Hence, to give the same factor of safety from 
danger of break-down and short-circuit at any given operat¬ 
ing voltage, the machine with the more pe^ed wave-form 
or higher amplitude-factor would require thicker and more 
expensive insiilation; or, for the same insulation and effec¬ 
tive voltage, the danger of break-down would be greater 
with a peaked than with a flat-topped e.m.f. wave. 

(8) Ripples. Effect of Capadtance and Inductance. 

When a generator whose wave-form is pealced or flat, or has 
ripples in it, is connected to a circuit having condenser 
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effect (see Second Course, Chapter V) —aa a long transnuB^ 
Mon line operated at hi g h voltage or an underground cable 
operated even at moderate voltage, the wave-form of the cur¬ 
rent will be veiy much further from the Mne form than that 
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Fia. 307. The sine wave E produces a sine wave of current I even 
in a circuit containing either inductance or capacity. Osoillogranis 
furnished by C. M. Davis. 


Fig. 308. The non-sino wave E produces a very hregular current 
curve I when applied to a Mrouit of large capacity. Oscillogram 
furnished by C. M. Davis. 

of the e.mi. which produces it. The shorter or higher-fre¬ 
quency ripples in the e.m.f. wave produce the greater irregu¬ 
larities in ^e current wave. In Fig. 307, the curve I shows 
the wave-form of current produced in a lo^ having condenser 
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oharaoteriBtics (an imderground cable), when the e.m.f. 
E of true sine wave-form is impressed upon it. Note that 
the current 1 has also a sine wave-form. fig. 308 shows 
the current 1 which a non-sine wave-form E produced when 
impressed upon the same circuit. The wave E is not nearly 
so far from sine form as many which may be observed in 
practice, yet these slight irregularities of e.m.f. are seen to 
osiViBe large effects on the current in a circuit having elec¬ 
trostatic capacity, fig. 308a is an oscillogram showing the 
irregular current curve produced by an e.m.f. which has not 
quite a sine wave-form. When this same generator is con¬ 
nected to an inductive circuit taking a la gg in g current and 
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Feg. 308a. The wave-form E has a slight ripple in it which produces 
a very irregular current curve I when applied to an unloaded trans- 
mission line. Oscillogram furnished by C. M. Davis. 

having an electromagnetic instead of an electrostatic field 
around it, the current wave takes the form of 7 in fig. 309. 
Notice that the ripples in the wave of terminal e.m.f. which 
were quite pronounced when the current was leadmg, are 
all smoothed out when the current lags. Since nothing has 
been altered except phase relation (the shape of pole pieces, 
distribution of winding, etc., remaining unchanged), the effect 
of the current wave-form upon the wave-form of terminal 
e.m.f. must be due to armature reaction or to internal voltage- 
drop caused by reactance and resistance. These curves were 
taken from a three-phase 160-kv-a. 48-pole 2300-volt gener¬ 
ator. See Trans. A.I.E.E., Feb., 1913, C. M. Davis. In 
general, inductive circuits smooth out irregularities in the 
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e.mi. and current waves, and long traosniission lines or 
oableSj lightly loaded, exaggerate them. 

Ci) Flat Waves. HysteresiB Losses Greater. 

The wave-form of the ejn.f. has also an effect upon the energy 
losses in the iron core of any apparatus, such as motors, 
generators or transformers, connected to the circiut. If we 
impress upon exactly annilar circuits, two e.m.f.’s of equal 
^ effective values, but one having a flat-top wave and the other 
a peak-topped wave, the e.m.f. with the flat-top wave will set 
up the greats alternating magnetic flux around the coils. As 
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Fiq. 309. An inductive load will often emooth out the wrinkles in a 
wave and make it appear as smooth as the vdtage curve E, Osoil- 
logram furnished by C. M. Davis. 

the coils are identical, that which has the greater flux will 
also have the greater flux density. The hysteresis loss, per 
pound of iron, at a fixed frequency, varies as about the 1.6 
power of the maxiTnuTn value of flux density attained in the 
core throu^out the cycle. The exact value of the loss and 
rate of variation with flux density depends upon the quality 
of the iron, as shovm by numerous experimental researches.* 
If the ma x i rmiTn flux density in the core is doubled (volume, 
temperatoe and number of turns being constant), the 
hysteresis loss will be increased to about 3.03 times its former 
value. If be increased to three times, hysteresis loss is 
increased to about 6.8 times; if is increased to four 

• See American Handbook for Electrical Engineers, pages 002-900. 
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times, hysteresis loss is inoreased to about 0.10 times its 
origiiial value, aud so on, these ratios being subject to slight 
change for different gra^ of iron. The eddy-current loss 
per pound of iron core, at fixed frequency, for a fixed number 
of turns in the coil and constant effective value of ejni. 
applied, is independent of the form of the e jni. wave. 

The variation of total core losses with wave-form at constant 
effective voltage across a given coil will, therefore, be equal 
to the variation of the h3rBteresiB loss only. As in ordinary 
practice the eddy-current loss is reduced by use of thinner 
laminations until it does not exceed 25 per cent of the hy¬ 
steresis loss, the ratio of change in the entire core loss will 
be not far different from the ratio of change of the hysteresis 
loss. Good practice as defined by the Standardization Rules 
of the A.I.E.E. requires that the actual e.m.f. wave sbjdl not 
deviate at any instant from the equivalent sine wave (whose 
square-root-mean-square value is the same) by an amount 
greater than 10 'pesr cent of the “mairiin - um value of this 
equivalent sine wave. See Art. 205 to 206 of Standardizar 
tion Rules. It has been ^own that, within the limits of this 
permissible variation, the core losses may vary as much as 
7.8 per cent below, and 5.8 per cent above, that which would 
be obtained with the true sine wave. Since the core losses 
remain approximately constant at all loads, as long as the 
apparatus is connect^ to the source of power and in readi¬ 
ness to serve its purpose, any variation in these core losses is 
of great economic importance. In lighting transformers, 
for instance, which are always excited and ready to serve, 
the core losses go on every hour in the day and every day in 
the year, whereas the copper losses are of appreciable vdue 
only while the transformer is carrying a fair percentage of its 
rated load, which is usually only a few hours j>er day. Con¬ 
sequently, a change of 10 per cent in the core losses, which is 
seen to be easily possible by change of the wave-form, means 
almost a 10 per cent change in the annual energy losses in the 
transformer if the average load, or load-factor, is low. This 
would make an appreciable doUars-and-cenfn difference in 
the annual cost of operation, particularly in the case of a 
system operating large numbers of small transformeEB. 

(6) Measuring Instruments. Power-factor Meter. 

The standard types of voltmeters, ammeters, and wattmeters 
are not appreciably affected by the wave-foim. This holds 
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true, no matter whether the actuating principle is magnetio 
attraction between coiLs containing no iron or heating. 
Each type gives an indication depending only upon the 
squaxe-Toot-meon-equare or effective value. The indica¬ 
tions of soft-iron instruments, or induction instruments 
d^end to some extent upon the wave-form. The varia¬ 
tion is usually small, however, in good modem meters. 
The indications of a power-factor meter, however, vary 
considerably with changes in the wave-form of the e.mi. 
or current. If either or both of these waves depart 
from sine fonn, there may be considerable actual power de¬ 
livered or consumed even with aero phase difference between 
the waves of current and e.mi. The power-factor meter, 
whose indications are proportional to the cosine of this 
phase difference between the E and I waves wUoh have 
sine wave-forms, will, therefore, indicate correctly only when 
the wave-forms are exactly like those with which the 
calibration of the mstrument was made. 

Modem refinements in alternating-current apparatus and engi¬ 
neering practice make the subject of wave-shape increasing im¬ 
portant. It is no longer permissible to disregard the question of 
wave-shape if only the various apparatus on the system will merely 
operate together — it must operate properly — as economically, as 
smoothly, and as usefully as possible. As the determination of 
wave-shape requires rather unusual and esqiensive instruments, 
variations, that are unsu^ected, frequently cause much difficulty 
in dectrio circuits. 

Prob. 6-8. In a certain drouit the wave-shape of the e.m.f. is semi- 
cirGular. On account of certain peculiar reactions in the circuit, this 
e.mi. produces a current wave of the same frequency whose diape is 
triangular. As these two curves are perfectly symmetrical, the phase 
difference between them may be easily determined, because it is the 
difference in time between the instanis at wHioh they reach their re¬ 
spective maximum values in the same direction through the circuit. 
The maximum value of the e.m.f. is 10,000 volts, and of the current 10 
amperes. The current lags 60 degrees behind the e.m.f. Calculate 
the effective value of the 6.m.f. and the effective value of the current. 
Multiply together the simultaneous instantaneous values of e.m.f. and 
current at equal iatervaJs of time (interval not more than 10 electrical 
degrees) for one complete cycle of e.m.f. Erom the curve of instanta¬ 
neous power so determined, calculate the average power. Find the 
ratio of average power to the product of effective volts and effective 
ampere — this is, the power-factor** of the circuit, according to the 
definition of t.hia term. 
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Ptob. 7-8. The power in the drcuit of Prob. 6 is indicated by a 
power-factor meteri which was calibrated with 6.m.f. and current hav¬ 
ing waye-shapes. Assume that the deflection of the pointer of 
instrument is proportional to the phase an^ even if the waves have 
not the sine wave-form and that t^ power-factoTj marked on the scale 
at each position of the pointeri is the power-factor of a circuit having 
the same phase angle between e.mi. and current, both of which have 
sine waveshapes. Would the power-factor meter register the power- 
factor of this particular circuit correctly? If not, by what percentage 
of the correct value would its readings be too high or too low? 

Prob. 8-8. If the phase ang^ between current and e.m.f. in Problem 
6-8 were zerOj by w]^t percentage would the jpower-feictor meter read 
too hi^ or too low? 

Prob. 0-8. Repeat Problems 6-8 and 7-^^ using a flat-topped rec¬ 
tangular e.m.f. wave of the Ha-mp mfuriTmiTn value^ and the fla-rna current 
wave as before, placing them 60 degrees out of phase. 

Prob. 10-8. Repeat Problem 0-8, placing the e.m.f. and current in 
phase with each other. 

Prob. 11-8. Choosing any convenient scale of volts and amperes, 
calculate the mean effective volts and amperes for the curves in Pig. 808. 
Multiply instantaneous volts and amperes together at instants 10 elec¬ 
trical degrees apart for one complete o]role of e.m.f., and calculate the 
correct average power from these values of instantaneous power. (If 
the figure were large enou^ to scale from the results would be more 
accurate if intervaJs were taken to be 6 degrees.) Calculate ratio of 
correct average power, to product of effective volts and effective 
amperes; this is the correct powei^faotor, according to definition. If 
the poweivfaotor meter on this circuit had been calibrated with e.m.f. 
and current having sine wave-shape, what power-factor would it 
indicate? What correction (add or subtract, and how much) would 
have to be applied to its reading in order to get ocrreot results with 
these particular irregular wave shapes? 



SUMMARY OF CHAPISR Vm 

THE WAVE-FORM OF THE TERMINAL E.M J'. Is im¬ 
portant as it affects the accuracy of our calculations for the 
generator and for the alternating-current circuit These cal¬ 
culations are usually founded on the assumption that both the 
current and the ejnJ. have a sine wave-form. The form of 
these waves will depend on the form of the induced emLf. wave, 
and upon the form of the voltage reactions, or “ drops ” within 
the machine, due to resistance and reactance. 

THE FORM OF THE VOLTAGE REACTIONS depends 
upon the wave-form of current delivered, which in turn d^ends 
upon the ejxLf. wave and the character of the receiving circuit 

THE FORM OF THE INDUCED E.M.F. DEPENDS 
UPON: 

(1) The distribution of the flux over the pole face or around 
the armature. 

(8) The distribution of the winding on the armature, 
number of slots per pole, etc. 

(8) The ^pe and length of the air gap and the relative 
magnetic strength (ampere-turns) of field magnets and 
armature windi^, 

(4) The power-factor of the load or the jdiase difference 
between current and induced ejn.f. 

(6) The manner of connecting together the phases of a 
polyphase machine. 

ARMATURE WINDINGS MAT BE EITHER CONCEN¬ 
TRATED OR DISTRIBUTED. The wave-form generated by a 
concentrated winding at no load is usually somewhat flat-topped. 
When the winding is distributed, the wave approaches a peaked 
form, although it is possible to distribute it so extensively as to 
revert to a flat-topped form. In the concentrated winding, 
using only one dot for eadi phase under each pole, the desired 
sine wave-form is obtained by diaping the pole faces so as to 
distribute the flux suitably. Most windings used in practice, 
however, are distributed in two or three slots for each phase 
under each pole. This distribution of the winding causes a 
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marked approach to aine wave-form entirely apart from the 
effect of shaping the pole faces. 

RIPPLES IN THE E.MJP. WAVE may be smoothed down 
by Increasing the length of the air gap, increasing the number 
of slots per pole, beveling the pole tips and, in a polyphase alter¬ 
nator, by connecting the phases together in star instead of in 
me^ 

the effect of load upon the wave-form of terminal 
ejnJ. may be to make it either more or less like a sine wave, 
depending upon numerous conditions of operation and structural 
features. A compensating winding may be used on the poles 
to neutralize the ^storting effect 

NON-SINE WAVE-FORMS OF EJdE. have the foOowing 
undesirable effects: 

(1) Machines with unlike wave-forms operating in parallel 
exchange local currents which reduce their oulput 

(2) Macldnes with too-peaked curves require better in¬ 
sulation than those with sine curves. 

(3) Ripples are greatly increased when the load takes a 
leading current, and are smoothed out by a lagging 
current 

( 4 ) The hysteresis loss is increased by the use of flat- 
topped waves. Since the core-loss of transformers is 
about three-quarters hysteresis loss, the wave-form of 
ejn.f. used may greatly affect the ‘‘all-day” efficiency 
and the cost of operating these machines. 

(5) The indications of most modem meters are very 
nearly independent of the wave-form. Power-ffmtor 
meters, however, are made to indicate the cosine of 
the an^e of phase difference between the current and 
the voltage only when both have sine wave-forms. The 
power-factor is really the ratio of effective power to 
apparent power, and this is NOT equal to the cosine of 
the ang^e of phase difference, UNLESS both the current 
and emLf. are of the sine wave-form. Thus power- 
factor meters do not read correctly on drcuits which do 
not employ standard wave-forms. 
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Prob. 12-^. Solve Problem 6-^ for Fig. 302 and one of the obm- 
ponent ejn.f.’B and compare this solution with that of Problem 5-8. 
What would the average and effective values of e.m.f. have been for a 
winding consisting of the same total number of inductors moving at the 
same speed in the same field, but concentrated into one small bundle 
(or slot) under eaoh pole, instead of divided equally among four equi- 
^stant bundles or slots 15 degrees apart, under ea^ pole? Is either 
the average or effective total e.m.f. of the winding increased in propor¬ 
tion to the number of inductors, using the winding distributed as in Fig. 
302? Answer the last question for a oonoentrated winding of equal 
total number of induotora. 

Prob. 18-3. Solve Problem 12^ for the winding whose resultant 
e.m.f. is as shown in Fig. 306. To what actions do you ascribe the de¬ 
creasing effeotiveneas of induotors added in series when they are placed 
so that they broaden the band or make the v^ding cover a larger 
fraction of the pole pitch? 

Prob. 14r-8. Solve Problem 12-8 for the winding whose resultant 
e.m.f. is as shown in Fig. 306. This is called a thorou^y-distrlbuted 
winding, because the induotora are distributed uniformly over the entire 
face of the armature. Show by diagram how you would connect the 
inductors from 12 to 24 into ihe series. If connected properly, how 
would they alter the e.m.f. curve, Fig. 306? If connect^ improperly, 
bow would they alter the curve of Fig. 306? 

Prob. 15-8. The ratio of the totd effective e.m.f. of the entire wind¬ 
ing as it is actually distributed upon the surface of the armature, to the 
total effective e.m.f. that would obtained if the same total number of 
induotora had been concentrated into equal groups, one group or sbt 
under each pole, is sometimes called the " phase constant ’’ or “ distri¬ 
bution constant ” of the winding. Calculate the phase constants for 
Fig. 306, 305, 304, 303, 302, 301 and 299r, and compare them. What 
' would the phase constant indicate to you concerning good policy in 
arranging the winding on an armature? 

Prob. 16-8. Draw the curve of e.m.f. between ooUeoting-rings (at 
zero load) for a sin^e-phase alternator having six poles and 72 equi¬ 
distant slots, the winding being partly distributed — that is, occupying 
only four slots under eaoh pole. The useful flux per pole is 1,000,000 
fines, uniformly distributed over the pole face and entering the armature 
radi^y at all points, with no fringing at edges of the pole. The poles 
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embrace of the oiroumfereiioe of the annature. Frequenpy 60 cycles 
per second. Three conductors per slot. Calculate the effectiye value 
of e.mi. between rings. 

Prob. 17-^. If l^e armature of machine in Problem 16^ were wound 
so as to have one conductor in every slot, all conductors being connected 
BO as to add together in a single series drouiti what would be the curve 
of e.m.f. between terminals at zero load, and what would the voltmeter 
read across the terminals? 

Prob. 18-8. By what percentage would the flux per pole have to be 
changed with the winding as in Problem 16-8 in order to give a 
voltmeter reading as in Problem 17-S? 

Prob. 19-8. What would be the total effective voltage of a concen¬ 
trated winding for the machine of Problem 16-8, consisting of four con¬ 
ductors per slot? What e.m.f. for ei^t conductors per slot? What is 
the phase constant for the winding in Problem 16-8 and in Problem 
17-n8? 

Prob. 20-8. If the annature of Problem 16^ were wound up for 
three phases, using four dots per pole per phase, and the phases were 
delta-connected, what would be the voltmet^ reading between any two 
terminals? Draw to scale the curve of instantaneous e.m.f. obtained 
between terminals of tha armature. 

Prob. 21-8. Repeat Problem 20-8, but with the three phases of the 
winding Y-connected between terminals. 

Prob. 22-8. Draw a sine wave of current, having the same phase lag 
as the actual current curve /, with respect to the actual e.m.f. curve B, 
in Fig. 308. Let its maximum value be called /«. Calculate the curve 
of instantaneous power for a complete cycle, each ordinate being ex¬ 
pressed in terms of a number times the unknown value /m> Make cal¬ 
culations for instants not more than ten electrical degrees apart. Find 
the average power for one cycle, in terms of Jm- Find what value of 
will make the average power with sine wave of current, the same as the 
average power with the actual wave of current (see results of Problem 
11-8). The same e.m.f. wave E is used in both oases, of course. The 
heat losses in the transmission line wires are proportional to the mean of 
the squared values of instantaneous current. By what percentage in 
this case are the line losses due to I^R different with the irregular current 
wave which actually flows than they would have been if the current 
wave had been of sine form, while delivering the same actual power 
with the same angle of lag and the same e.m.f. curve? 

Prob. 28-^. Replace the irregular E curve in Fig. 308 with a sine 
curve in exactly the same position, and having the same effective value 
as the actual curve E, Then proo^ as in Problem 22-8, and calculate 
the percentage change in I*R losses on the transmission line, due to 
nhanging both e.m.f. and current waves to sine form, while delivering 
the same power with the same phase lag. 
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Prob. 24r6. Aasumiiig as a convenient scale that the 
value on the voltage curve of Fig. 308 is 1000 volts, oaloulate from 
Fig. 308 the foUowing: 

(a) Effective v^ue of the e.m.f. curve E. 

Q>) Mayimutn value of an equivalent sine wave having the aa-r pe 
effective value. 

(c) Percentage by which the maximuTn value of the actual curve is 
greater or lees than the maximuin value of the equivalent sine 
curve. 

This figure (c) represents the sacrifice or advantage as the case may be, 
in the amount of stress on the insulation of the drouit and in the prob- 
abilily of its failure, due to the deviation of the actuid e.m.f. wave from 
the standard sme form. If the breakdown stress is three the 
effective value of the equivalent sine wave, what will be the factor of 
safety of the insulation using the distorted e.mi. wave in Fig. 3087 
Prob. 26-8. A Type H transformer manufactured by the General 
Electric Co.| operating on non-inductive bad of full rated value, 8 kv-a., 
with frequency and voltage at value stated on the name plat^ has an 
effidenoy of 06.9 per cent, according to the manufacturers’ advertise¬ 
ments, the iron losses being 85 watte and I*R losses 62 watts. This 
rating, efficiency and losses are for oontinuouB operation with sine wave 
of e.mi. All of the energy which this transformer can deliver can be 
sold at five oenis. per kUowatt-hour for ten hours per day every day m 
the year, such being the dharaoter of the bad and the dec^d or market 
for energy the bad being i^on-induotive. The transformer must remain 
oonnected to the power supply in readiness to serve the customers at 
all times. The line is supplied from a generator giving a flat-topped 
wave instead of a sine wave, the di^rtion of wave-form bdng 
Buffident to increase the iron losses by 10 per cent with the 
effective vcJue of 6.mi. The total watts lost in the transformer can¬ 
not be showed to be greater than at rated full load on sme wave of 
emii., without ultimatdy injuring the transformer and shortening its 
usefnl life. 

(a) By how much must the PR bss be reduced to compensate for 
the increase in iron bss? 

Q>) By what percentage must the current output be reduced on this 
account? Assume any convenient value of voltage, say 100 volts. 

(fi) What is the oarresponding reduction in kibwatts output of the 
transformer? 

(d) By how many doUara per year is the income of the central 
station from this transformer reduced bdow what it might be if 
the iron bsaes had not been increased? 

(a) By how many doUars per year is the cost of bases in this trans- 
former inoreas^ asauming that the value of the energy lost is 
the same as that of the energy sold? 

(f) What is the total annual loss in dollars, to the central station, 
due to this change of wave-form of the e.m.f., the oustomer’s bill 
bcdng based on reading of meter on output aide of the transformer? 
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ARMATUBE WINDINGS OF ALTERNATINO- 
CURRENT MACHINES 

In this chapter will be considered the windings of arma¬ 
tures only. The held windings will not be discussed because 
these cany direct current and have no proper place here. 
The armature of a generator has been defined as that part 
of the generator which delivers power to the external circuit. 
Accordingly, the armature of a motor is that part of a motor 
which would deliver power to the circuit if the motor were 
run as a generator. We have seen that the annature of 
both alternating- and direct-current machines always carries 
alternating current. The armature is always the rotor of a 
direct-current machine, but may be either the stator or the 
rotor of an altemating-cuirent machine. It is usually the 
stator. 

The tyxncal alternating-current windings for motors and 
generators are essentially alike. The form of the slots in 
the steel core of the annature, into which the windings are 
placed, differs usually with the type of machine, but the 
same form and arrangement of coils may be used in every 
case. The subject of windings may be found discussed in 
great detail in specialized books, which should be con¬ 
sulted if it is desired to learn much concerning the relative 
merits of these windings and the proper places to apply 
each type, or if it is desired to know (as well as may be, 
without really doing it) how actually to manufacture the 
windings and assemble them on the machine. Here we 
shall emphasize only the electrical relations and principles 
involved. Explanations will be made in most cases with 
particular reference to altematLog-current generators in order 
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to make clearer the dectromotive-force relatioiiB involved 
It is nsuaJly more convenient both to make and to under¬ 
stand a diagram r^resenting a winding, if it refers to a 
rotating armature. Hence the general use of such diagrams 
throughout this book does not mean that rotating armatures 
are common. In practice, all armatures of machines larger 
than 25 kilowatts, other than siynchronous converters, are of 
the stationary type. Whether the armature is the stator or 
the rotor, the form of the windings may be exactly the same; 
—the coils on a moving armature being placed in slots on 
the outside surface of a rotating cylinder, while the coils of 
a stationary armature are placed in slots on the inside cylin¬ 
drical surface of the stator. 

98. Structure of the Winding. Windings are studied 
altogether by diagrams in which the armature circuits are 
represented by lines arranged in various conventional ways. 
Before committing ourselvas to the study of such diagrams, 
it is well to gain a concrete idea of the physical appearance 
of the windings. Mechanically, the winding usually con¬ 
sists of a numher of coils which are connected toge^er to 
form a series or group. The coils may be all alike, or there 
may be a number of different shapes and sizes of coils in 
the same machine. Each coil may consist of a sin^e turn, 
each side forming one of the inductors; or it may consist 
of several turns of round copper wire or strip of rectangular 
section. Again, each turn may consist of several wires 
or strips connected in parallel, in preference to a heavy, 
stiff bar of the same conductivity. The various turns of 
any coil axe insulated from each other by micanite, or 
cotton tape impregnated with TnRiiIfttjTig paint, sufficiently 
well to stand any e.m.f. that can occur between successive 
turns. The whole coil also is thoroughly insulated by being 
wrapped with empire cloth, with perhaps cotton tape around 
the outside to bind it together or prevent mechanical injury 
to the insulation. The thickness and character of the in¬ 
sulation used depends upon the voltage of the machine. 
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Each slot in the annatnre core is usually lined with some 
strong form of sheet insulation before the side of a coil is 
put into it. The slot may contain one side of one coil, or 
one side of each of two different coils, depending upon the 
style of winding. When these have been properly placed, 



Fig. 310. Bar-wound armature (stator) in the process of oonstruction. 
Each bar forms one side of a coil. In this case there are two bars 
per slot. General Electric Co. 

a wedge of hard wood or fiber is driven into the slot over the 
top of the coil to make the construction rigid and to protect 
the coils from injury. 

99. Appearance of the Windings. Fig. 310 shows a 
bar-wound armature (stator) in course of construction. 




Fig, 811. Appearance of oofla like those in Fig. 310, when removed 
from the slots. Wesbifnghorm Mfg, Co. 
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Fia. 812. Three-phaae chain-winding, one dot par pole per phase. 
^J^d^ooneiBta of several tons as shown in Fig. 313. Oenenl 
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Each coil conBists of one turn, the left side or inductor 
lying at the bottom of one slot and the right side or inductor 
lying at the top of another slot, maJdng what is called 
a '*two-layer windii^” 

(see Art. 109). Thou^ 
not for the same genera¬ 
tor, Kg. 311 shows what 
such coils look like when 
taken out of the slots; 
each of the four coils in 
this picture consists of 
two copper bars in par¬ 
allel, one ^boye the 
other. Kg. 312 shows 
a coil winding of the 
particular type com¬ 
monly known as a 
chain-winding, on ac¬ 
count of its apparent 
likeness to the form of 
a chain. Each coil of 
this winding consists 
of several turns, and 
the coils when removed 
from the slots look 
something like Kg. 313. 

There are seen to be 3 ^ 3 ^ Appearance of the coils in the 
two different forms of chain-winding of Fig. 312. Note that 

coil in Kg. 312 and the coils consist of two different forms. 

Kg. 313. Kther of AUiB^lhdlm^s Co. 
these windini^ could be connected up for single phase or three 
phase by following the suggestions already given in Chapter 
Vin and further ones to be given in this chapter. How¬ 
ever, Fig. 313 is a typical three-phase winding, with one 
slot per pole per phase. Fig. 314 is a chain-winding for a 
three-phase 600-kw. vertical shaft alternator driven by a 
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Fia, 314 A portion of tho oham-wonnd armature of a tibree-phaee 
600-kv-a. vertical-shaft alternator; water-wbed type. One slot per 
pole per phase, single-lByer winding. AlUa-^Jhalmers Co, 
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water wheel. It has one slot per pole per phase and is a 
single-layer winding, fig. 316 shows a three-phase stator 
with three slots per phase per pole; fig. 316 shows the 
same kind of a winding in course of construction on a differ¬ 
ent machine, fig. 317 illustra,tes a two-phase 200-kw. stator 
with three slots per phase per pole. 

100. Pitch. Element of Winding. A few terms should 
be explained which have general application and are fre¬ 
quently used in describing windings. The pole-pitch is the 
distance between centers of adjacent poles {N and S). 
Sometimes it is expressed in inches measured on the pe¬ 
riphery of the armature, bdt in relation to windings it is 
usually expressed in terms of slots. That is, if a machine 
has, altogether, 72 equidistant slots and 6 poles, the pole- 
pitch is 12 slots. When a coil spans exactiy the distance 
between centers of adjacent poles, it is said to be a full-pitch 
coil or winding; but if it spans less than this, so that the two 
sides of a coil are not exactly under the centers of adjacent 
poles at the same instant, it is said to have a fractional pitch. 
If the coil is 1^ than full pitch, it is said to be a short-pitch 
coil or winding. Such coils have a very pronounced effect 
in smoothing out the wave of induced e.m.f., making it 
approach more closely to sine form if properly designed. 
An element of winding is the term used for the inductor or 
bundle of inductors composing one side of a sin^e coil; a 
slot may contain one or two winding dements, depending 
on whether it is a single-layer or a two-layer winding. 

The ejn.f. which can be induced in a single inductor (or 
conductor which cuts flux on the surface of the armature) 
dq)ends upon the effective length of the inductor (that part 
of its total length which is active or outs flux), the linear 
^eed at which the flux moves with relation to the armature 
and the flux densily in the air gap where the cutting of flux 
occurs. Using practicable values of armature length, p^ 
ripheral speed and air-gap density for flux, the effective 
value of e.m.f. which can be induced in a single inductor is 
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not large, from 6 to 9 volts per foot of active length of a 
single inductor being the usual value. 

Prob. 1-9. Usual practice in the deaigQ of altemating-ourrent 
generators for low and moderate speeds employs an average flux 
density in the air gap equal to from 40,000 to 60,000 lines per square 
inch, and a peripheral speed of from 4800 to 6000 feet per minute. 


t 



Feq. 317. The stator of a two-phase alternator having three slots per 
phase per pole. WeaHnghouae Eleciric (St Mfg. Co. 

Using these values, calculate the lower and upper limiting vcdues 
for the average e.m.f. induced in an armature inductor having one 
foot useful length. Assuming the flux distribution to be such that 
this induced e.m.f. varies according to the sine law, calculate the lim¬ 
iting value of the effective e.m.f. per foot useful length of inductor. 

Prob. 2-9. If good proportions in the design of a certain gen¬ 
erator require the useful length of each inductor to be not over 
two feet^ how many inductors must be connected in series (assum- 
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ing the e.m.f. in all of them to be in phaae with each other) to ^ve 
an effeotive o.m.f. of 6900 volts between the terminals of the 
winding? Use average speed and flux density of Prob. 1. 

101. Simplest Armature Cozmections. It is necessary 
to multiply the number of inductors in the armature circuit, 
not only to produce the voltages suited for commercial 
circuits and apparatus, and for the economical hn-Tidling of 



Fig. 318. The sunpleet possible single-phase armature winding; — 
one inductor per pole. 


electric power in quantity, but also in order to supply two 
or more diflFerent phases to the external circuits connected to 
the generator, as has been found desirable in the operation 
of many types of electrical apparatus, particularly motors. 
(See Chapter IV, Second Course.) We shall explain here 
a few typical methods in regular use for arranging a multi¬ 
tude of inductors upon the surface of the armature, and for 
connecting them together properly into one or more circuits 
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or phases. This subject of windings is of great importanoe 
to the designer and manufacturer, but concerns the operator 
or repair-man only to the extent that he must be able in¬ 
telligently to trace out the winding of any given machine, 
and restore or rearrange the connections when necessary. 

In Eig. 318 and 318a, observe the simplest possible case — 
a slngle-phaae concentrated winding with one inductor per pole. 



Feo. 318a. The oonvantional repreBentation of the generator 
diown in Fig. 818. 

Fouivpole construction has been chosen, merely for simplic¬ 
ity. The principles involved could be applied and explained 
exactly as well for a two-, six- or eight-pole field, or for any 
number of poles, but the sketches would not be so easy to 
trace through. With the clockwise direction of rotation as 
indicated, any inductor will have induced in it, according to 
Lenz’s law, an e.m.f. away from the reader (indicated by the 
mark ©), while passing xmder a North pole, and an e.m.f. 
toward the reader (indicated by the mark O), while pass¬ 
ing under a South pole. All of the inductors are spaced 
80 that they occupy exactly corresponding positions under 
the poles at any given instant. The flux is distributed 
in exactly similar manner under all poles, because the me¬ 
chanical construction is symmetrical. Hence the e.m.f.’B 
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in all inductors reach their maximuin values at the same 
instant and their zero values at the same instant — that is, 
they are all in the same phase, or in phase with each other. 
In Fig. 319, the same inductors are shown connected 
together in series into a single circuit, in such a way that 
the various e.m.f.’s do not oppose and cancel each other, 
but add together. The wave-form of the e.m.f. for the 
whole circuit will be exactly the same as that for any single 
one of the component inductors, as they are all identical 



Fig. 819. The four induotors are so oouneoted that they form a 
single-phaBe winding, the e.mi. of which is the sum of the e.m.f.’B 
in aH the inductors. 

and exactly in phase with each other. But the maximuTn 
e.m.f. of the winding would be equal to the (arithmetical) 
sum of the maximum values of all the (four) inductors 
which are in series. Likewise, the effective e.m.f. of the 
entire winding will be equal to the (arithmetical) sum of the 
effective values of the component e.m-f.'s, and the average 
total e.m.f. would be equal to the arithmetical sum of the 
average values of the component e.m.f.’s. The connections 
between the ends of the inductors, by which they are placed 
electrically in additive series, are shown as chords of the 
circle. I^d-connectors at the rear or pulley end of the 
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armature eire shown by dotted lines. End-connections at 
the near end, where the collecting langs are, are shown as 
full lines. Arrows and signs represent direction of e.m.f. 
in the various parts of the circuit, at this particular instant 
only, pictured by the sketch. 

101a. Advantages of Slotted Core. In the very early 
days of dynamo construction, it was the practice to make 
the armature core smooth, and simply to lay the inductors 
on the outside surface, as shown in !^g. 319, holding them 
there by friction only, by means of bands of binding wire 
wound tightly around the armature, separated from the con¬ 
ductors by bands of strong insulation. The smooth-core 
armature was soon di^arded, however, on account of two 
great defects: 

(1) The large magnetic forces exerted on the wires when 
the machine carried heavy loads, and particularly when a 
short-circuit occurred, often twisted the winding around 
on the .smooth core, ruining the insulation and necessitating 
rewinding. 

(2) When, as usual, a large number or large size of 
inductors must be employed, the air distance between arma¬ 
ture core and pole faces required for the conductors, insu¬ 
lation, and mechanical clearance, altogether, becomes so 
large that a very great number of ampere-turns are needed 
on the field magnets to produce the required amount of flux 
against such a large reluctance. This increases the cost 
and lowers the efiSciency of the machine. 

Therefore, to transmit the magnetic forces more safely to 
the shaft, to reduce the amount of copper wire needed and 
the power lost in the field, and to improve the voltage reg¬ 
ulation and efiSciency of the generator, the inductors are sunk 
below the cylindrical surface of the armature into slots which 
are lined with insulation. The slots are usually, in large ma¬ 
chines, rectangular in shape, narrow, deep radially, and open 
at the top to permit easy insertion of the winding, which is 
prepared separately in the form of coils. These coils are 
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laid in the slots and connected together properly to form the 
complete winding. Note that the winding of Eig. 320 is 
exactly like that of Fig. 310, excepting that it has been sunk 
into dots, which have been cut in the armature core and 
lined with some sheet form of insulation, such as fiber, 
leatheroid, presspahn or paper. 

Prob. 8-9. Draw, to scale, the curve of total e.mi. induced 
between the collecting rings during one complete revolution of 
the annature shown in Fig. 310 and 320, on the following assump¬ 
tions: Poles cover two-thirds of the periphery of the armature; useM 



Fig. 820. Simple armature winding of Fig. 310, with the coils sunk 

into riots. 

length of magnetic field parallel to shaft or axis of rotation, 10 
inches; diameter of armature, 10 inches; peripheral speed, 5000 feet 
per minute; density of flux under pole face, 50,000 lines per square 
inch; flux uniformly distributed under pole face, density falling off 
uniformly between i>ole tips and neutral points midway between 
poles. In drawing the e.m.f. curve, consider the direction of e.mi. 
as positive when it is from PN toward NP (thus, PN —► NP) in 
external circuit. 

Prob. 4-9. (a) Calculate the average value and elective value of 
the e.m.f. wave, and the form factor of the generator in Prob. 3. 

(5) How many conductors must be grouped in each riot, and con¬ 
nect^ in additive series by suitable winding, to give a voltmeter 
reading as close as possible to 230 volts between collecting rings 
at zero load? 
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(c) By what percentage must the flux per pole be mc^eased or 
diTninlshed at same speed, using this number (k oonduotorsi to give 
Qxacfly 230 volts read^? 

Prob. What would be the frequency of the e.mi. of the 
generator in Problem 4-0? 

102. Concentrated Single-phase Windings. Definitions. 
Conventional Diagrams. When it becomes necessary to 
increase the total voltage generated by using more than one 
conductor in each dot, we have to choose between several 
methods for connecting them together in series. Fig. 321 
and 322 both represent concentrated single-pliase windings^ 
being in this respect rimilar to Fig. 320 and 319. But a oom- 
parison of Fig. 322 with 321 will show a marked difference 
in the manner of connecting the conductors together, not¬ 
withstanding the fact that the value and wave-form of the 
total ejn.f. induced between the,collecting rings is the same 
in both casesj as all the conductors have an ejn.f. in phase 
with each other and are connected in c^ditive series. (Fol¬ 
low the arrows, to show the direction in which the e.mi.'s 
act in the circuit.) 

In discussing armature windings, three types of diagrams 
are \ised, each having both advantages and disadvantages. 
Fig. 321a, 321b and 321c, all representing the same winding, 
illustrate these three types of diagrams. Fig. 321a is a 
diagrammatic view of that end of the armature adjacent to 
the collecting rings. Fig. 321b is a circular or radial-type 
diagram of the winding only, not showing either armature 
core or dots. The radial lines represent conductors on the 
-armature, and the arrows on them represent direction of 
e.m.f. induced at the instant they are moving through the 
position shown in the diagfAtn. A loop around any group 
of conductors denotes that they are all in the same slot. All 
lines other t h a n radial ones, in the armature circuit, repre¬ 
sent connections between conductors or coils, at either end 
of the armature. Pig. 321c is a diagram of the view of the 
winding which would be obtained if the armature core were 
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to be cut through at 2 ^ in Fig. 321a and the ead y uncurled 
counter clockwise so that the armature core and collecting 
rings become straightened out as if on a flat sheet or plane* 
This is called a developed view of the winding, and is the one 





(0) 


Fig. 821. Concentrated single-phase wave winding, (a) Diagram¬ 
matic view from coUecting-rings end. (b) Circular or radial dia¬ 
gram showing windings only, (c) Developed view of armature 
surface. 


perhaps most usually met in the literature of this subject* 
It is the clearest, to an experienced person, and also the easiest 
to draw; but it is a little difficult for the beginner to see the 
connection between the severed ends at x and y, especially 
when the winding bap many poles and many conductors* 
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In either 321b or 321o, the conductors must be shown side 
side, idthough in fact they may be disposed either side by 
side or one above the other^ in the slots. When arranged 
in two layers and numbered, the conductors underneath re¬ 
ceive odd numbers, and the top conductors in the slot have 
even numbers. It is important to adopt and adhere to 
such a convention, when the pitch of the armature-coils is 
expressed (as it frequently is in practice) in terms of inductors 
rather than in terms of dots. The student may adopt that 
diagram which affords the clearest view of any given wind¬ 
ing, as will be done in this brief discussion. 

Figure 321 represents a method of connecting conductors 
together, which is called a wave winding. The reason for 
the name can be moat clearly seen from Fig. 321c, which 
shows how the circuit progresses around the armature con- 
tinuoualy (in a dockwiw direction, Fig. 321a or 321b), with 
a sort of wavy undulation, backward and forward, parallel to 
the shaft. Figure 322 represents the same number of con¬ 
ductors arranged in additive seri^ in the same number of 
slots, but after the manner known as a lap winding. The 
reason for this title wiU be seen most clearly from Fig. 322c, 
which diowB how the circuit laps back upon itself in a loop 
or coil, under one pair of poles, before progressing forward 
by an end-connection to a similar loop or coil under the 
next pair of poles. The distinction between lap and wave 
winding will be made clearer from subsequent considera¬ 
tion of an armature having two or more slots per pole per 
phase, than from a ''unislot” armature having only one 
slot per pole per phase, as in Fig. 321 and 322. Thus, Fig. 
323 Eind 324 both represent single-phase wave windings for 
a fouivpole armature, there being altogether eight inductors 
in series — so far exactly like the winding in Fig. 321. The 
arrangement of Fig. 323 and 324, however, spreads the in¬ 
ductors apart into two slots per pole per phase, and is called 
a distributed winding, whereas that of I^g. 321 has the in¬ 
ductors bunched together in one slot per pole per phase, and 
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is called a concentrated winding. The reader is asked to 
study closely and compare the windings shown in Fig. 323 
and 324, which are all electrically equivalent, and to learn 
thereby the distinction implied by the adjectives progressive 
and retrogressive as applied to the wave winding. A curl in 
the diagram of any end-connection denotes that it has to 
be a little longer or shorter than the other end-connections 



.(c) (d) 

Fio. 324. Distributed fringle-phaae wave winding, showing two differ¬ 
ent forms of retrogressive type. 


in the same winding. Fig. 323a requires a special end-con¬ 
nection a little longer than the rest, for each complete 
passage of the circuit around the armature; whereas Fig. 
324a and 324c require a shorter special end-connection. 

326 shows a single-phase distributed lap winding, for 
the same foujvpole armature, twd slots per pole per phase, 
one inductor per slot. The (curled) end-connector between 
pairs of poles makes it appear somewhat similar to a wave 
winding, but this similarity disappears as the number of 
slots per pole per phase increases. 
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pTob. 67 ^. An 8 -p^ Bm^phase alternator having a ocn- 
oentrated winding requires altogether 30 conductors in each dot to 
produce the requi^ e.mi. of 2300 volts at the standard frequency 
of 60 oyoles per second: 

(a) Draw a diagram to represent these conduotorB arranged in 
coils and connected as a lap winding. 

(b) Calculate the speed of the alternator, in r.p.m. 

(c) Calculate the greatest permissible diameter of the armature, 
if the peripheral speed is not to exceed 6000 ft. i>er minute under 
normal conditions. 

Prob-''7-9. (a) Calculate the required flux per pole of the genera¬ 
tor in Problem 6-9 to generate this terminal voltage (2800) at 



zero load, at this speed with this winding. Assume the 6 .mi. in 
each inductor approximates closely to a sine wave. 

(J>) The average flux density in the air gap under the i>ole face 
being 60,000 lines per square inch, and the poles ooveii^ 60 per 
cent of the periphery of the armature, calculate the effective length 
of the armature. 


Prob. 8 - 9 . Draw a progressive wave winding for a fflngje- 
phase six'^le armature having 24 equidistant slots, there bdng 
one mductor in every slot. 

Prob. 9 - 9 . Draw a retrogressive wave winding for a single- 
phase eight-pole armature having 24 equidistant slots, there being 
one mductor in every slot. 

Prob. 10 - 9 . Draw a lap winding for a single-phaM six-pole 
armature having 24 equidistant slots, there being one side of each 
of two coils in every slot and two turns to every coil. How many 
inductors per slot are there? How many inductors altogether, in 
series? 
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103. Whole-coiled Winding. Another fundamental dis¬ 
tinction is illustrated by a comparison of Kg. 326 and 327, 
both of T^hich represent a four-pole aingle-phaae alternator, 
with one slot per pole per phase, and a tothl of eight induo- 



(0) (d) 

Eta. 326. Whole-coiled winding, (b) Ring-end connections, (o) 
Pulley-end connections (viewed from ring end), (d) Note that 
th6re fife fie majiy coils (in heavy lines) on poles. 


tors or moro, the windings being thus of the concentrated 
type. In Fig. 326a the eight conductors are grouped into 
coik so that there is one complete turn or coil for each pole. 
This winding is called a whole-coiled winding. The fact that 
there is one whole coil per pole is not very apparent in Pig. 
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326a, which represents a winding for only two inductors or 
one turn per pole per phase. But it is cleiu'ly shown in Hg. 
326d, which represents a winding for any number of turns per 
pole per phase, or any even number of inductors per pole per 



Flo. 327. Hfilf-ooiled windings for same armature as in Fig. 326. 
Note in (d) that there are half as many coils as poles. 


phase, since there are usually two coil-sides in each slot. Fig. 
326c, showing the back-connections (viewed through the 
annatTire from the ring end), should also justify the “whole- 
coiled” designation. Fig. 326b shows merely the connec¬ 
tions made at the front, or ring end, of the armature. The 
copper inductors may be either round wires or bands having 
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rectangular cross section. Sm^ motors usually employ 
wire coils^ but large motors and generators, in which the 
amperes to be carried in each armature circuit are consid¬ 
erable, usually employ the copper strips. In very large 
armatures the strip is enlarged into a heavy copper bar, 
there being usually in such cases only one turn per coil or 
one inductor per slot. This is called a ''bar winding,” 
and is illustrated in Fig. 310 and 311. Fig. 328a shows a 
cross section of one side of a strip coil, with the strip wound 
flatwise, while Fig. 328b shows a slot containing one coil- 
side, the coil consisting of ten turns of strip wound edge- 



Fio. 828. Method of arraDging the ooiIb in the armature slots, (a) 
The strips are wound flatwise, (b) The strips are wound edge¬ 
wise. (c) A two-layer winding. 


wise. Fig, 328c shows a slot containing one side of each of 
two coils, composing what is called a two-layer winding, con¬ 
sisting, in this particular case, of coils of strip or bar having 
one turn each. 

104. Half-coiled Winding. Now compare Fig. 327 with 
Fig. 326. Notice that in Fig. 327 the same number of in¬ 
ductors in the same slots on the^Bame armature are now 
connected in additive series into a single-phase winding, in 
such a way that they, with their end-connections, form coils, 
the number of coils being only half the number of poles. 
This is called a half-coiled winding. Each coil hap twice as 
many turns as a coil of the correQ)onding whole-coil winding 
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and each slot contains one coilnsade instead of two. In 
Fig. 327C| the two turns in series under poles Ni and 8i 
would in fact be taped together to form a coilj as would any 
number of inductors in the same slots. Fig. 327d and 326d 
show clearly that with a half-coiled winding it is possible to 
split the armature into sections without cutting through any 
coils — merely breaking a soldered connection between coils; 
whereas in the whole-coiled winding it is impossible to i^lit 
the armature without either removing some coils from the 
slots, or cutting and ruining some coils. It is often desir¬ 
able to build large generators or motors so that the machines 
may be shipped in sections, each of which is complete in it¬ 
self, and ready to be bolted together to make a finished ma¬ 
chine; or BO that the upper half of the (stationary) armature 
may be lifted away ,from the bed-plate and bearings, so as to 
expose or remove the rotor or field structure, for cleaning or 
repairs. The half-coiled winding is readily aklapted to this 
form of construction. 

Prob. 11-9. Draw a diagrani for a whde-ooiled concentrated 
single-phase winding for a six-pole alternator, usmg four inductors 
per slot. 

Prob. 12-^. Draw a half-coiled concentrated sin^e-phase wind¬ 
ing for a six-pole alternator, using 24 inductors altogether upon 
the armature. 

Prob. 18-e, What is the least total number of inductors out of 
which a whole-coiled winding may be made for an 8-pole single- 
phase alternator? In general, to what rule must the number of 
inductors per pole per phase conform in order to permit a whole- 
coiled winding? Is there any corresponding rule for a half-coiled 
winding? 

Prob. 14-9. Sketch an 8-pole suigle-phase alternator with a 
concentrated winding arrang^ so that the upper half of the 
stationary armature may be lifted off by its ring-bolt at the top, 
exposing the rotating field in its bearings, with least possible di^ 
turbance to the windings. 

Prob. 16-9. Draw a concentrated winding for a six-pole arma¬ 
ture having altogether 36 inductors, (a) Whole-coiled. (6) Half- 
coiled. 
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106. Distributed Windings. The concentrated or uni¬ 
slot 'vrinding has the advantage that it gives the greatest 
e.m.f. possible to obtain from a given number of inductors, 
the generated e.m.f.’B of a single circuit being all in phase 
mth each other. Or we might say, for a given e.m.f., speed 
and field, the concentrated winding requires the least num¬ 
ber of inductors. The chief disadvantage is the difficulty 
in producing a sine wave-form of e.m.f., since control of the 
wave-form in this case can be had only by shaping the pole 
face. Moreover, concentrating the winding increase the 
number of turns per coil; and as the inductance of a coil 
increases as the square of the number of turns, the reactance 
of a winding is much larger when it is concentrated than 
when it is distributed, and this results in poorer voltage 
regulation. It is more usual to distribute the series in¬ 
ductors in any phase or circuit of the armature winding, 
among two, three or more slots under each pole. This 
tends to produce a smoother e.m.f. wave, but on account 
of their phase differences the various e.m.f.’s in any series 
cirouit in the armature are added less effectively. This 
will be clearer from a calculation based on Fig. 329a, which 
represents a single-phase winding, thoroughly distributed — 
that is, it occupies every one of a number of slots spaced 
equidistant all around the armature. In this particular case, 
there are 4 poles and 24 slots. 

In the alternator, to which the winding diagram Fig. 329b 
applies, suppose that there is one inductor in each slot, and 
that each inductor produces an e.m.f. of sine wave-form, 
having an effective value of 10 volts. Inductors 1 + 2 + 3 
+ 4 + 6 + 6 form together a coil (“spiral” winding) so con¬ 
nected that the e.m.f.'B are added together vectorially to give 
the total e.m.f. between the terminals of the coil. Similarly, 
inductors 7 to 12 add together to form a coil, as do inductors 
13 to 18, and 19 to 24; and finally, all four of these coils are 
connected together in a series, so that the coil e.m.f.’s add 
together vectorially. Of course, any two e.m.f.’a in series 



ARMATURE WINDINGS 


443 


produce a total which is in the broad sense a vector sum; 
but in the usual sense, two e.m.f.^s are connected in additive 
series when the effective voltage across the entire series is 
greater than across either part of the series; and they are 
in subtractive series when the total effective e.m.f. is less than 
that across either part of the series. Two e.m.f/s may be 
changed from additive to subtractive series by reversing 



!B^q. 329a. A thoroughly-distributed single-phaae ‘winding. All the 
24 slots are oooupied. 

the connections to one of them. In Fig. 329b, the arrows 
represent instantaneous directions of e.m.f. in the various 
conductors as they move through the positions shown. The 
e.m.f.’s in 1, 2, 3, 4, 5 and 6 are all in additive series because 
the TnariTmiTTi instantaneous value, so produced on the en¬ 
tire coil, is greater than could be produced by any other 
interconnection of the same series of inductors. Let us j&nd 
the effective voltage across this coU. 

The e.m.f. in any conductor reaches its maximum value in 
the direction we slmll cho.ose to call positive, as it passes 
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th6 middle of pole Ni, Consider conductors No. 5 
and No. 6. For clockwise rotation, conductor No. 5 
attains its podtive Tnw.TiTniiTn e.m.f. when inductor No. 6 
has moved ^ revolution beyond this position. The posi¬ 
tive TYiftTiiTiimn e.m.f. in No. 5, therefore, would occur at an 
instant ^ of 2 periods (there being two cycles of e.m.f. 
per revolution in a 4-pole machine), or of one cycle of 



Fig. 32Qb. HiA gr^Tn to show the windiiig of the armature in 

Fig. 329a. 

360°, or 30 electrical degrees, after the e.m.f. in No. 6 has 
passed its positive TniiTiTniiTn . In other words, for the par¬ 
ticular number of poles and slots used in Fig. 320, or in 
general for a slot pitch of 30 electrical degrees between centers 
of adjacent slots, the e.m.f.'B induced in such slots diSer in 
phase successively by 30 electrical degrees. Similarly, the 
e.m.f. in No. 4 is 30° behind No. 5; No. 3 is 30° behind 
No. 4; No. 2 is 30° behind No. 3; No. 1 is 30° behind No. 2. 
Fig. 330 is a (topographic) vector diagram showing the ro- 
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lation between the e.m.f.'B Ei, Ez, Ez and Ei, on the 

baas that they are numerically equal to each other, and 
just 30 electrical degrees apart. Having laid out this dia¬ 
gram, it is merely a matter of elementary trigonometry to 
show that the resultant e.m.f. (vector OR) of ail six inductors 
in additive series is equal to the numerical sum! of their 
effective e.m.f., times the factor 0.644, or equal to the 
effective value of e.m.f.'s m any one inductor multiplied by 
(6 X 0.644), or 3.864. If there had been only three adja¬ 
cent inductors 30 electrical 


degrees apart, in additive 
series, the total effective 
6 .m.f. would have been 
equal to that of one in¬ 
ductor, multiplied by the 
factor (3X0.911), or 2.732. 

The numbers 0.966, 0.911, 

0.836, given in Fig. 330, are 
the ratios between the ac¬ 
tual e.m.f. of the series and 
the numerical sum of the 
component e.m.f.'B, on the 
basis (as already noted) 
that the e.m.f.^s composing 
the series are all of sine 
wave-fonn, ^ual in value, 
and 30 degrees apart, successively and all in additive series. 
Further, the resultant ejn.f.’B in the four whole groups or 
spirals of Fig. 329b reach their maximTim values all at the 
same instant and in the same direction through the circuit. 
Fig. 331 indicates this fact and shows that the total e.m.f. 
of the entire winding of Fig. 329, occupying 24 slots, is equal 
to only 15.5 times the e.m.f. induced in a single slot. 

106. Comparison of Distributed to Concentrated Wind¬ 
ing. The vector diagrams of Fig. 330 and 331 show that, 
the total e.m.f. induced in the series of inductors (14-2 + 3 



Fio. 330. Topographic vector dia¬ 
gram of voltage across one group 
of inductors in winding of Fig. 329. 
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+ 4+5 + 6) is equal to 0.644 X 6 X 10 = 38.64 volts, 
II.M.S. (loot-mean-squaie, or effective value), when there 
is one inductor in each slot and ten volts induced in each 
inductor. The total e.mi. induced between the rings of 
Fig. 329 is 4 X 38.64 = 154.6 volts effective, since there 
are 4 groups like this one, all in 
additive series and in phase. 

If this winding were concentrated, 
using only one slot per pole, with 
six inductors in each dot, the total 
e.nii. of an additive series of the 
same six inductors would be 6 x 10 
B 60 volts. In other words, to in¬ 
duce any given value of total effec¬ 
tive e.m.f. between the terminals 
of a winding so distributed would 

require just = 1.56 times as 

many inductors, or about 56 per 
cent more copper in the armature 
^rinding, than would be required 
if the winding were concentrated 
into one slot per pole. (This does 
not consider the amount of copper 
Fig. 881. Topographioveo- used in the ends of coils and end- 
tar diflgtams of voltages connections between coils.) If the 
aoross the series ^jpogs section of the copper were the 
^ups in binding of Pig. cases, the resistance 

of the winding and the PR loss in 
the armature would be correspondingly greater for the dis¬ 
tributed winding than for a concentrated winding of the 
same kilovolt-ampere and voltage rating (same amperes per 
circuit). This would make the efficiency of the machine 
having the distributed winding less. In order to get 
the ^ciency of the distributed winding to equal that 
of the concentrated winding, using the same slots, indue- 
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tors, field and speed, the oross section of the copper must 
be increased also by 56 per cent, to keep its total resistance 
the same as for the concentrated winding. The combined 
effect of increasing the section and the length is to increase 
the weight and cost of copper very greatly. But the dis¬ 
tributed winding gives a smoother ejn.f. wave, approaching 
more closely to i^e sine form, diminatiTig the ripples and 
peaks shown in Fig. 286a, which are usually found in the 
e.m.f. from a concentrated winding. The annature] reaction 
also is leas than for a concentrated winding; that is, the 
changes in value and distribution of the magnetic flux 
entering the armature, due to changes of load, are reduced. 
This gives a better voltage regulation and a more constant 
fonn of e.m.f. wave with varying load, for the distributed 
winding. 

Piob. ia-9. (a) Calculate the e.mi. induced in the whole 
winding of Fig. 329, there being ten conductors in each slot, and an 
e.mi. of sine wave-form and 5 volts effective value in each conductor. 

(b) Draw the diagram for this winding, after the manner of Fig. 
329b. 

Prob. 17-9. If the winding in Fig. 329 were distributed in 
four of the six equidistant slots per pole, by what percentage would 
the tot^ e.m.f. be lees thw that which would be induced in an 
equal total number of conductors arranged as a concentrated wind¬ 
ing in one slot per pole? Solve on basis of Fig. 330. 

Prob. 18-9. Show how the vector diagrams correspondi^ to 
Fig. 330 and 331 would appear for a thoroughly-distributed si^e- 
phase winding for a six-pole armature with 24 slots. In this case, 
what e.m.f. would each of the vectors in this diagram represent? 

Prob. 19-9. Draw the vector diagrams corresponding to fig. 
330 and 331 for a thoroughly-distributed sin^e-phase winding for 
six-pole armature with 36 slots. If the terminal e.mi. of the 
entire winding is 2300 volts, how many volts per dot? 

107. How a Desired E.M.F. is Built TTp. This same 
armature (Fig. 329) could be made to give any required 
voltage between the collecting rings, by Eomply increasing 
the number of conductors in each slot, and connecting them 
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together in additive series in the form of coils, as illustrated 
in 332. If it be required to produce 300 volts between 

300 

the ooUeotmg ringB, we must put = approximately 2 


oouductors in each sloti eaoh conduotor generating 10 volts, 



Fiq« 882. A mare detailed plan of the armature winding of Hg. 829, 
showing the form of the oo^. Note that three forms of ooil are used. 
The end-conneotionB between ooOs are not ezaotly those of Fig. 329, 
but are equivaleat to tTiftm. 

effeotive, oonneoting them all together as shown in detail by 
the winding diagram of Fig. 333. The exact voltage of 300 
would then be obtained by reducing the flux slightiyi in 

fact tO g ^ g , or 97.7 per cent of its former amount. 
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Notice that three kinds of coils are required, that they are edl 
wound up siniilarly, but are connected differently under the 
different poles. If Si, St, etc., represent the starting end of 
any coil, and Ft, Ft, F*, etc., represent the finishing end of 
the same coil (respectively), the coils are all wound up right- 
handedly or clockwise in t.hiH figure. To connect the three 
coQs of any one group together in additive series, the finish¬ 
ing end of one coil is connected to the starting end of the 
next coil of the same group, or the starting end of one coil 
to the finiflhiTig end of the next coil. The first group, for 
instance, starts at Si, and ends at F 4 , while the second 
group of coils starts at Sj and ends at Fio, the third group 
starts at Siz and ends at Fie, the fourth group starts at Su 
and ends at Observing the armature as in Fig. 332, 
when all groups are in the position where the maximum 
total instantaneous value of e.m.f. is generated in them, we 
see that the e.m.f. acts clockwise around one group of coils 
(as 1-^, 2-6 and 3-4), while it acts counter clockwise around 
the next* adjacent group of coils (as 7-12, 8-11 and &-10). 
Consequently, in connecting the groups together, the end- 
connections between groups must be made from fin i sh i ng 
end of one group to finishing end of the next group, from 
starting end of this group to starting end of the next ad¬ 
jacent group, and so on around the armature. This is 
necessary in order that the e.m.f. in all of the conductors 
composiiig the entire winding may act together in a way to 
make the e.m.f. of the whole winding as great as possible, 
at the instant when the maximum cyclic value is reached. 
The details of sequence in connecting the ends of adjacent 
coils together, as shown m Fig. 333, are ordinarily under¬ 
stood but not diown. In other words, coils are treated and 
connected up together, just as single turns, provided they 
are all wound up in a similar sense, as used and as illus¬ 
trated in Fig. 333. When thus composed of coils, the spiral 
winding has an appearance resembling a chain and is some¬ 
times called a chain winding (see Fig. 314,312, 315). Vector 
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Hin giitTna aimilftr to Eig. 330 are suffioieat to calculate the 
teimioal e.m.f. of an entire 'winding, whether thoroughly or 
only partly distributed, provided the ^cing of the dots 
and number of poles is known, and the e.m.f. induced in 
each slot is of sine wave-form. This diagram is not sufficient, 
however, to compare the relative contribution of each indi¬ 
vidual coil of the chain -winding, toward the total e.m.f. or 
the total power output. Fig. 333a is a polar diagram of 
vectors corresponding to Fig. 330. It demonstrates that the 
slots (or -winding elements, whichever you choose to con- 




Fig. 338a. A oombination of polar yeotor diagrams to ropr^ j 
BGat the resultinfs voltage aoross each coil of the winding in ^ 
Fig. 329. The Ime OR represents the resultant of the vol¬ 
tages Eij Et, Etf Eii Eh and Eh. 


o 


uT 


aider) do not all contribute equally toward the total 
although each contains about the same amount of copper. 
In Kg. 333a, Ei^ represents the e.m.f. induced in the coil 
occupying slots 1 and 6, Es-b represents the e.m.f. induced 
in the coil occupying slots 2 and 5, and so forth. The total 
e.m.f. (022) of the entire group of coils is seen to be the 
same as in Kg. 330. If we desire to economize by cutting 
out the leas useful of the elements in Kg. 332, so as to make 
the winding only partly distributed, where should we be¬ 
gin — which coils are least worth keeping? 

108. Economy of Copper. Partly-distributed Windings. 
Kg. 334 represents a thoroughly-distributed single-phase 
winding for four poles. Just for variety, the total number 
of slots has been taken as 32 in this case. Using thus 8 
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slots per pole, the phase difference between adjacent slots or 
dements of winding is | of 180°, or 22} electrical degrees. 
If in Fig. 335 yeotois Ei, Et, Es, etc., rq>Tesent to scale the 
equal e.m.f.’e induced in each winding dement of Fig. 334 
(or all the inductors composing one side of a coil), then 
Fig. 336 represents how the eight dements composing four 
coils (which together form just } of the entire winding, the 
other quarters being exact repetitions of this one) all add 



Fig. 334 Devdoped plan of a thoroughly-distrO^uted aingle-phafle 
annature winding for four poles. There are 32 slots, or 8 dots per 
pde. The dots are therefore i of 180 dectrioal degrees apart. Note 
that therefore the ejni.'s of adjacent dements have a phase differ- 
enoe of 22)^. 

together to produce the total e.m.f. E (8 to C) for the entire 
group. Fig. 336 ie sdimlar to Fig. 330, the slight differences 
being merely in lengths of vectoiB and the phase angle be* 
tween adjacent dots. But the question here is, exactly how 
is this total e.m.f. E {8 to C) of one group built up? What 
is the e.m.f. in each of the four coils composing the 
group? 

Number the winding elements successively 1, 2, 3, etc., as 
shown. Choosing the podtiye direction of e.m.f. in every ele¬ 
ment to be upward in Fig. 334, the e.m.f .'s in adjacent elements 
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El !- 


Fig. 335. 



Bucoesaively have phase difFerence of 22}°^ as illustrated by 
Fig. 335. The arrows in Fig. 334 indioate the e.mi. at the 
particular instant the winding moves through the position 
shown (if they be considered to belong 
to and move with the inductors); or 
they indicate the direction of e.m.f. 
induced in any inductor as it moves 
through that particular location in the 
field (if the arrows be considered as 
fixed in position and direction). It is 
seen that in order to get the greatest 
TTfiftTiTrinTn instantaneous e.m.f. for the 
entire Windingi we have connected ele- 


E| 

Et 

vector 


Polar 

flift gr ftTn of the e.m.£.’B 
induced in the induotoTB 
of four coils. There 
are four of these four- 
coil groups in the whole 
winding. 


ments 1 and 8 together into a coil in such way that their fixed 
positive directions are in opposite direction through the series^ 
which brings their instantaneous e.m.f.’s usually in the same 
direction so as to add together, because 
the two sides of the coil are at all in¬ 
stants moving imder opposite poles. 
So it is also with elements 2 and 7, 
which form another coU (within the 
j y largest coil 1-8); and so also with coils 

3-6 and 4^. But for a considerable 
fraction of the time both sides of 
each small coil, as 4-5, are generating 
instantaneous e.m.f.’B directly oppo¬ 
site to each other because the narrow 
span of the coil compels both sides 
to be moving under the same pole; 
and at all such instants the total 
e.m.f. of the coil is equal to the 
arithmetical difference of the e.m.f.’s 
in the elements, instead of the arith¬ 
metical sum. Hence the e.m.f. of this coil is less than that 
of the others, although it has the same number of inductors 
and moves at the same speed in the same field. Another 



6 * 

Fig. 336. Topographic 
vector diagram of the 
ejzi.f.’B in one four- 
coil group. 
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way to look at it^ is that coil 4-6 encloses a smaller total quan¬ 
tity of flux than any other. Hence as it moves from place 
to place in the field where the flux density is not uniform, the 
rate of variation of flux enclosed by the coil, or the number 
of lines of force appearing or disappearing within it per 
second as it moves from a weak field into a dense field or 
vice versa, is less than in the other coils, and the e.nLf. 
induced in it is therefore also correspondingly less. If the 
flux were uniformly distributed around the armature, the 
coil 4r-6 most of the time would generate no e.m.f. at all, 
because the instantaneous e.m.f .’s in its two sides would be 
not only opposite in direction, but equal in value also. 
The same remarks apply also to the other narrow coils, in 
proportion to their narrowness. This has a great effect 
upon the resultant e.in.f. of the coils and of the entire 
winding. To illustrate this vectorially, we draw Fig. 336a, 
which is intended to show exactly how the e.mi.'s in the 
various elements of the group are added together vectorially 
in their order of succession as we pass through the armature 
circuit in Fig. 334. Starting from iS, Fig. 334, we pass 
through element No. 1 in the positive direction. Then by 
the back end-connection we go ahead in the direction of 
rotation of the armature (leading angle) a distance equal to 
7 slots and represented by 7 X 224® = 1674®. Then we 
continue the series by passing through element No. 8 in the 
negative direction (the positive direction upon which our 
phase relations are founded bein g upward through every 
inductor). Then we go backward (lag) 6 slots, or 135®, to 
get to element No. 2 and pass through element No. 2 in its 
positive direction; then go forward (lead) 5 slots, or 1124 ®, 
to element No. 7, and through element No. 7 in its negative 
direction; then backward (lag) 4 slots, or 90°, to element 
No. 3, and through element No. 3 positively; then forward 
(lead) 3 slots, or 674®, to element No. 6, and through element 
No. 6 negatively; then backward (lag) 2 slots, or 45®, to ele¬ 
ment No. 4, and through element No. 4 positively; then 
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forward (lead) 1 slot, or 22}°, to element No. 5, and through 
element No. 5 negatively. This brings us to the end-con¬ 
nector marked C, which is the end of this group of coils, 
there being a similar group under every other pole, all 
groups being connected together in series to compose the 
entire winding. 

The vector relations between the e.m.f.'s in these con¬ 
secutive elements of the series are represented by the topo¬ 
graphic diagram in Fig. 336a. Starting at iS, we lay out a 
vector, parallel and equal to E\. of Fig. 335, representing the 
total e.m.f. of all inductors composing element No. 1, or 
that side of coil 1-8 which lies in slot No. 1. At the end of 1, 



Fig. 836a. A topographic vector diagram of the e.m.f.'a in the windings 
of Fig. 334. Note that the e.m.f. of ooQ 4-6 is small because of the 
great phase difference between the e.m.f,*B in the inductors 4 and 6 
composing its sides, or because the e.m.f .*s of its aides are in opposi¬ 
tion most of the time. 

we lay out an angle in a leading (counter clockwise) direc¬ 
tion, and draw a vector parallel and equal to Sa, of Fig. 336, 
but pointed in the opposite direction, because as we follow the 
series we go through element No. 8 in a direction opposite 
to its positive direction. The total e.m.f. in elements 1 
and 8, or in coil 1-8, is therefore equal to the resultant of 
1 and —8, which is Sx, as indicated on Fig. 336a. From x 
we lay out a vector parallel to Es, representing the e.m.f. 
induced in No. 2, the next element which we pass through 
in its positive direction. Then from the end of Sa, Fig. 
336a, we lay out another vector parallel and equal to of 
Fig. 335, but in the opposite direction, representing nega¬ 
tive El. And so we proceed through the series, until we 
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finally come to the end of the group, which is represented 
by the point C, Fig. 336a. When this has been done, we 
find that the vector resultants Sx (representing total e.m.f. 
of coil 1-8), xy (representing total e.m.f. of coil 2-7), yz (rep¬ 
resenting toted e.m.f. of coil 3-6) and zC (representing total 
e.m.f. of coil 4-5) are all in phase with each other (or along 
the same straight line), but are not equal to each other. 
This is exactly in accord with our previous condusionfi. 
But we now have the exact angular relations and a diagram 
which enables us to calculate the 6.m.f. of any single coil. 
Thus, it appears that the e.m.f. of coil 4r-6 is equal to 2 cos 
78|° (or 0.39) times the e.m.f. of one element, whereas the 
e.mi. of coil 1-8 is equal to 2 cos Hi® (or 1.96) times 
the ejni. of one element, or five times as much ejnJ. for 
the some amount of copper. 

Consider a concrete example. Eahh coil of this winding has, 
let us say, 10 turns. Each pole furnishes 1,000,000 lines of useful 
flux. frequency is 60 oydes, and the fiux distribution is such 
that the generated e.m.f. is of sine wave-form, as must be assured 
in order to represent the e.ini.’B by vectors. What will be the 
voltage generated in the smallest coil 4-6, in this case? 

Each inductor passes under 60 pairs of poles in one second, or 
120 poles. 120 poles X 1,000,000 lines per pole « 120,000,000 
lines cut per second by each conductor, average. Average e.mi. 
in each inductor is therefore 1.2 volts. The form factor, or ratio 

, of a sine wave, is 1.11. Hence the effective 

e.mi. in each inductor is 1.11 X 1.2 = 1.332 vdts. Each coil-side, 
or element of winding, consistB of 10 inductors, all dose together 
in the same dot so that their e.mi.'B are in phase and therefore 
add together arithmetically. Hence the total e.m.f. in each element 
or slot is 13.32 vdts effective. The resultant e.mi. in the small 
coil 4r-5 (represented in Fig. 336a by the vector zC) is therefore 
equal to 2 xcos78}*’ times 13.32 volts, or 5.2 volts. If the 
em.f.’s of the other coils were worked out on the same basis, 
their sum total (represented by 8C) for the whole group would 
be found to have a value about 68.3 vdts. All groups are in 
phase with each other, and as there is one group for each pole, the 
ejn.f. generated in this entire winding is 68.3 X 4 = 273 volts. 


' effective vdue ^ 
, average value ^ 
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It appeaiB, however, that the four smallest coils Qike 
6 2 

4rn6) contribute only , or 7.6 per cent, of the total e.m.f., 


although they contain almost or 26 per cent, of the total 
amount of copi)er on the winding (exactly i if we consider only 
the active length of the conductors). If we take into account 
the ends of the coils and end-connections between coils the 
case is not so bad against the small coil. As the same cui^ 
rent passes through all coils, the PR losses are in the same 
ratio as the resistances. And as the size of wire is the same 
throughout, the resistances are in proportion to the lengths 
of conductor in the coils. Hence the coils 4-^6 in this case 
are re^nsible for nearly 25 per cent of the total armature 
PB loss. And sdnoe the resultant 6.m.f .'s of all coils are m 
phase with each other, the phase relation between the cur¬ 
rent and the e.m.f. of each coil is the same throughout the 
winding, hence the voltnamperes and watts contributed by 
each coil toward the total output of the generator are in 
the same numerical ratio as their resultant e.m.f.'s. Hence 
the coils 4-6 all together contribute only 7.6 per cent of the 
total kilovolt-ampere or kilowatt output. Altogether the 
case looks pretty bad for these small coils; and it is largely 
for this reason that the winding is grouped into two or three 
phases instead of a single phase, resulting in a more advan¬ 
tageous connection of these elements into the armature 
circuit. 

108a. Lap Winding. The same armature shown in Fig. 
329 may be woimd with a lap winding, as shown in Fig. 337a. 
In digti^gnighing between these two types, notice that the 
coils of the lap winding are naturally grouped so that there 
is one group of cods for each pair of poles, with only a single 
conductor as an end-connection between the groups. Fig. 
337b is a developed diagram of the same type of winding for 
the same armature, but with two inductors per slot, or two 
turns per coil, the winding being pictured at the instant 
when ’^e e.m.f. between terminals has its maximum value. 
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Fig. 337c IB the same as Fig. 337b except it shows the winding 
at the instant) one-haJf period later, when the e.m.f. between 
the tenninalB is zero. Notice in the latter case that all 
inductors have emi.’s greater than zero, because none are 
on the neutral points midway between poles. Note also 
that the zero e.m.f. between rings is due to cancellation of 
equal opposite values of e.m.f. in various parts of the circuit. 



¥ iq . 337a. A lap winding for the armature of Fig. 329. Note that 
there is but one group of ooils for each pair of poles instead of for 
eaQhx)ole. 

Prob. 20-0. Calculate how many turns there must be in each 
of the odls in fig. 332 to give an e.m.f. of 2300 volts, effective, 
between rings at zero load, there being an e.m.f. of sine wave¬ 
form and 10 volts effective value in each conductor. 

Prob. 21-9. In fig. 332, what must be the total active length, 
in inches, of all the inductors in a single coil, in order that the 
total e.mi. induced in the entire winding may be 6900 volts effec¬ 
tive. The e.mi. in each conductor is of sine wave-form, average 
density of useful fiuz under each pole 50,000 lines per square inch, 
peripheral speed of rotor 6000 feet p^ minute, frequency 60 cydes 
per second. If the active length of a single conductor in any coil- 
side is 10 inches, how many conductors must there be in each dot, 
and how many turns m ea^ of the coils? 
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Prob. 22-9. Draw a wave winding thoroughly distributed for 
the armature shown in Fig. 329a, to deUver 230 volts between 
the collecting rings at zero load, with a frequency of 60 cydes 
when the flux per pole is 5,500,000 lines, so distributed that a 
sine wave of e.mi. is induced in each conductor. Show clearly the 
oofls and their connections and calculate how many conductors per 
coil and how many turns per coil are required. Would the solution 
be more feasible if the armature were to have one ^ot more or less, 
or an odd number of slots? 

Prob. 28-9. Draw a wave winding for the armature shown in 
Fig. 32Qa, occupying two adjacent slots per x>ole, with one conductor 
per slot. Calculate the effective e.mi. of this entire winding from 
the data given in Fig. 330, for a frequency of 60 cycles, and a total 
flux of 5,000,000 lines from each pole, there bemg a sine wave of 
e.m.f. in ea^ inductor. Compare this e.mi. v/ith that which 
would be produced by a spiral winding with the same number of 
inductors in the same slots. 

Prob. 24-9. Solve Problem 23-9 on the supposition that only 
four'adjacent slots out of the six per pole are filled by this winding. 

Prob. 26-9. Solve Prob. 23-9 for a wave winding filling ail 
the six dots per pole. 

Prob. 2(^-9. Ti the sin^e-phase generator with thoroughly-dis¬ 
tributed spiral winding, 4 poles, 8 slots per pole, as illustrated in 
Pig. 334, can deliver up to 100 kv-a. continuously at 2300 volts with¬ 
out overheating any part of the winding, what is the voltage between 
the ends of each of the four groups of coils? What is the voltage 
between the ends of coil 1-^8? of coil 2-7? of coil 3-6? of coil 4-5? 

' Prob. 27-9. If the slots .4^5 were left vacant in Fig. 334, by 
what xieroentage would the number of inductors in each of the re¬ 
maining slots have to be increased in order to deliver the same 
terminal voltage at the same frequency with the same flux? 

» 

109. Two-layer Windings. So far we have considered 
mostly single-layer windings. In such there is usually only 
one side of one coil in each slot. In the whole-coiled wind¬ 
ings, to be sure, there are usually in each slot one side of each 
of two coils, but these two coil-sides, or winding elements, are 
placed side by side, and not one above the other. When a 
slot contains two coil-sides placed one above the other, we 
have what is known as a two-layer winding. Fig. 338 illus- 
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Fig. 338. Sin^e-phase, two-layer lap-winding, thorou^ily distributed, 4 poles, 24 dots, 48 T 
conductoTB, where T » number of turns per coil. Showing winding in position at which total 
e.m.f. has •mA.TiTnTi'm inBtantaneous value. 
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trates such a winding for the same armature that we have 
been considering in the previous figures, — namely, four 
poles, thoroughly distributed, single phase, two ooil-sides 
per dot, 24 slots. Fig. 338 shows the complete winding, 
from one collecting ring iS) to the other (F). Fig. 339 


Fig. 339. The form of a 
coil in the two-layer winding 
shown in Fig. 338. 

illustrates the form of a ain^e coil. Note that it lies in the 
upper half of slot 2 and in the lower half of slot 8. This 
coil may consist of any number of turns. The turns in the 
coil may be wound side by side, as in Fig. 328a, or one above 
the other as in Fig. 328b, or the coil may consist of a single 
turn of copper bar, disposed in the slots 
as indicated in Fig. 328c. Fig. 340 shows 
a possible slot section for this winding. 

The principal advantage of the two-layer 
windings is that the turns or coils are all 
exactly alike, so that the number of Fia. 340. Foasible 
forms required to wind the coils on croas-section of the 
during m^ufacture, and the number of 
coils necessary to keep in stock for re¬ 
pairs, is much less than for other types; — the spiral or chain 
winding, for instance. One limitation to its use is, that the 
number of inductors in each slot must be a multiple of two, 
since there are two coil-sides in each slot, consisting of an 
equal number of inductors. Fig. 353 is a photograph of a 
two-layer winding. 





Fig. 839a. Details of the coil 
oonneotioiis of a two-layer 
winding. 
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110. Armature Circuits ^th More than One Path. All 
the drum windings so far shown^ have been single-circuit 
windings; that is, there has been only one path for the 
ourrent one collecting ring to the other, all of the in- 



Fig. 841. Two-phase, four-pole spiral- or ohain-ooil winding. Four 
slots ^ pole per phase. Only one phase is shown; the other phase 
is laid in the dots represented by the dotted lines. 


duotors in each phase of the winding being Connected to¬ 
gether in series. Often it is desirable to use two or more 
drouits in parallel between two rings, forming one phase 
of the winding, in order either to increase the current- 
carrying capacity of the armature or to enable the manu- 



Fig. 842. Same winding as in Fig. 341,]but connected in paralld in¬ 
stead of in series in ardor to carry twice the current at half the voltage. 

facturer to use the same punchings and coils for machines 
of several voltages, simply by rearranging the end-connectors 
between the coils. Figures 341 to 344 illustrate how the 
same coils may be connected together all in series as one 
large group, giving a single circuit between the collecting 














Fig. 843. A double4ayer winding for the armature of Fig. 841» oon* 
neoted as a single drouit. 


winding, frequently called a chain-winding (on account of 
its likeness to a chain of links), for a two-phase 4-pole 
armature with four slots per pole per phase. See Fig. 317 
for a photograph of this type of winding. These figures 




Mill 


Fio. 844. The two-layer winding of Fig. 343, connected for two> 
oirouit operation, capable of delivering twice as much current at 
hfdf the voltage. 

actually show only the connections for one phase; the 
slots which hold the coils for the other phase are shown 
dotted. The connections of the second phase would be 
exactly similar to those of the first, but displaced by half 
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of one pole pitch. If the winding of Kg. 341 were good for 
100 kv-a, 2000 volts, 50 amperes, then with end-connectors 
rearranged as in Fig. 342, l^e same machine would deliver 
100 amperes at 1000 volts when driven at the same speed 
with the same excitation. But the power capacity is still 
100 kv-a., and the current in each conductor, the flux per 
pole and the speed are unchanged. Kg. 343 and 344 show 
a two-layer winding for the same armature, arranged for 
a single-circuit and a two-drouit connection respectively. 

111. Improper End-connections: Local Currents. In 
TTiftldTig the ^o-cirouit arrangement of winding in alters 
nators, care must be exercised to avoid either inequality in 
number of inductors, or inequality of e.m.f. in the two cir¬ 
cuits which are connected in parallel, or phase (Merence 
between the total ejn.f.’8 in the two circuits. For example, 
Fig. 345 shows an improper ajrangement of a two-drcuit 
winding for one phase of a three-phase, six-pole armature 
with 36 slots altogether, or two slots per pole per phase. 
Kg. 345 is a radial diagram of a wave winding for this 
machine in which inductors 1, 7,13,19, 25 and 81 compose 
one of the two parallel circuits, and inductors 2, 8, 14, 20, 
26 and 32 compose the other circuit. By the construction 
shown here, the ejn.f.’B in all of the inductors composing 
either group are in phase with each other. Consequently, 
the total e.mi. of group Si-Fi is equal to six times the 
e.m.f. induced in inductor No. 1, and in phase with it; and 
the total e.m.f. of group Sr-Fi is equal to six times the e.m.f. 
induced in inductor No. 2, and in phase with it. The e.m.f .’s 
in inductors No. 1 and No. 2 are equal to each other in value, 
but have a phase diSerence corresponding to one slot pitch. 
This phase difference amounts to ^ of 3 cycles, or A of 
360^, or 30 electrical degrees in this 6-pole 36-slot machine. 
If the e.mi. induced in each inductor is 10 volts effective. 
Fig. 346 shows that there is a resultant e.mi. OR equal to 
31.0 volts acting in the closed circuit formed by the two 
parallel paths SiFi and SaFt* This e.mi. will produce in 
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the mndingSf at zero load (or at any load) a local current 
equal to 31 volts divided by the total impedance of the 
winding. This local current would heat up the armature 
as long as the machine generates e.m.f.| regardless of the 



Fig. 845. A radial difltgraTn showing an apparently oorreot method 
of making a two-oirouit connection. The method is incorrect, 
however, as the e.m.f.'s of the two paralld paths are not in phase 
and thus a loocd current will circulate. 

load, and this useless heating reduces the capacity of the 
machine to deliver useful output. It appears, therefore, 
that the two paths SiFi and SiFi cannot be connected in par¬ 
allel unless they are wound so that their e.m.f.’8. are in phase 
with each other. That is, the two sets of inductors must be 
located either in the same slots, as in Fig. 344^ or in slots 
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located similarly with respect to each pole, as shown in 
Fig. 342. When this conation is fulfUed, the vectoiB SiFi 
and StFi in Fig. 346 will be exactly opposite in phase and 
the resultant e.m.f. OB acting in the closed mesh will be* 
conie zero for all values of total induced e.mi. 


R 



HBulting voltage around the cloaed oirouit of the armature oon- 


neoted as in Fig. 346. 

112. Wear on Bearings Causes Local Currents. Fig. 
347 and 348 illustrate another source of trouble in parallel 
windings. It shows one phase of a two-phase whole-coiled 
chain winding for a six-pole 24-8lot armature. Fig. 347 
illustrates a revolving-armature type of machine in which 
the six armature coils are divided up into two groups, each 
group consisting of three adjacent coils in additive series. 
Group SiFi consists of winding elements 2, 5, 6, 9, 10 and 
13. Group /SiFi coneosts of winding elements 1, 22, 21, 18, 
17 and 14. As long as the armature or rotor continues to 
be perfectly aligned, so that the air gap is exactly the same 
under all poles and the flux entering the armature from all 
poles equal, the e.m.f.’s induced in the two parallel paths 
will be equal in value as well as exactly opposite in phase. 
But when the wear of the bearings allows the armature to 
drop and the air gap to become shorter for the lower poles and 
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loDger for the upper poles, the flux for the lower poles be-' 
coming thereby greater than the flux for the upper poles, 

' there is a part of each half-revolution of the armature dur¬ 
ing which the e.mi. is greater in one path than in the other 
path. Thus there is a resultant e.m.f. and circulating cur* 



Fio. 347. Tbs revolving armature has worn down the bearingB so 
that it is nearer the lower poles Nt and Si than N» and St. The re¬ 
sulting greater flux will cause a greater voltage across the lower 
armature path than acros the upper. 

rent in the closed mesh between the paths, at zero load or 
at any load. 

Fig. 348 illustrates a similar condition for a revolving- 
field type of machine where the rotor has sagged due to 
wear of bearings, so that every pole has a larger flux durmg 
its half-revolution below the horizontal than during its 
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upper haJf-ierolution. Eig. 348 corresponds to the same 
iTigtATit. of tinift as Fig. 347, the e.m.f. between the terminals 
S and V being at its Tnarimnm in both oases. If the coils 
were divided between the two parallel groups in such a 
way that one group was composed mostly of lower ones and 
the other circuit mostly of upper ones (the extreme case 
being aa shown in Fig. 348), the total e.m.f. in one group 



E^a. 348. The revdving field has worn the bearing^ down so that 
the aazne effect is xxroduoed in the armature windings as in Fig. 847. 


would have a larger value than that in the other group. 
Thus there would be a resultant e.m.f. acting around the 
closed mesh, producing a circulating current which would 
heat the armature and reduce its capacity to deliver power. 
This defect could be remedied in the revolving-field machine 
by dividing the winding of the stator, or armature, vertically, 
so that neither of the i>arallel circuits would have a prepon¬ 
derance of the strong poles. PulsationB of the fiux would 
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induce an e.ni.f. in the field winding, tending to neutralize 
the changes of fiuz, so that the condition relieves itself in 
some measure. 

Prob. 28-9. Rearrange the connections of Fig. 384 so as to 
make it a two-oirouit w^lng. If the armature had a rating of 
200 kv-a. at 2300 volts before the change, what is its rating now? 
How many amperes can it deliver in each case? 

Prob. 29-9. Rearrange the connectioiiB of Fig. 338 so as to 
make it a two-circuit winding. Answer questions of Problem 
28r-9 on same data. 

Prob. 80-9. (a) When the windmg shown in Fig. 341 is de¬ 
livering 2300 volts from the terminals 8-F at zero load, what is 
the e.in.f. generated in a single small coil of the winding? 

(&) What is the e.mi. generated in a ain^ large coil of the 
winding? 

(c) What is the ojni. of a pair of coils, or one of the four 
^ups in Rg. 341? 

Prob. 81-9. Answer questions of Problem 30-9 for the wind¬ 
ing shown in Fig. 342. 

Prob. 82-9. (a) When the winding shown in Fig. 343 is de¬ 
livering 2300 volts at its terminals S-F at zero load, what is the 
e.mi. generated in a single coil of the winding? 

(h) What is the e.m.f. of one of the four groups of coils in Rg. 343? 

Prob. 88-9. (a) Redraw the diagram of Rg. 341 so as to fill 
all of the slots on the armature with a thoroughly-distributed 
singld-phase winding. 

(b) By what percentage would the useful amount of copper be 
increased in so doing? 

(c) By what percentage would the terminal voltage be increased, 
for the same frequency and field excitation? 

(d) By what percentage would the number of turns per coil, 
and amount of copper, in the existing winding have to be in¬ 
creased to get the same increase in voltage without using the 
additional slots? 

Prob. 84-9. (a) Redraw the diagram of Rg. 343 so as to fill 
all of the slots on *^0 armature with thoroughly-distributed mngle- 
pViAftfi winding. 

(h) By what percentage would the amount of copper be in- 
crea^ by so doing? 

(c) By what percentage would the terminal voltage be increased, 
for the same fr^uency and field ezcdtation? 
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Prob. 86-0. (a) By what percentage would the resistance of a 
em^e-phase winding b^eentemunate be greater when thoroughly 
distributed, as in Problem 34r-9, than when semi-distiibuted, as in 
Fig. 343, using the same size copper in the coils? By what per¬ 
centage would tile PR loss be increased if the current deUvered 
remained the same as before? 

(&) By what percentage must the amperes output be reduced to 
keep the same total PR loss as in the semi-distributed single- 
phase winding shown in !E1g. 343? 

(c) By what percentage would the kilovolt-amperes be increased 
or diminitiied, tp-lring account of both the change in voltage ATid 
the necessary change in current capacity? 

IIS. Polyphase Windings for Drum Armatures. Hav¬ 
ing studied, until they are thorougihly understood, the ex¬ 
planations of two-phase and three-phase ring windings (both 
closed and open types) which were given in Chapters Y1 
and Vn, we should now be able to produce a polyphase 
drum winding for any given armature to which th^ are 
applicable. Each of the phases of the polyphase winding 
has its connections between coils arranged in exactly the 
manner which has just been described for a single-phase 
drum winding. In the three-phase windings, the star and 
delta connections between the three phases (each phase 
taJ^en as a whole) are made in a manner exactly similar to 
that described for a ring winding. For a two-phase wind¬ 
ing the total number of slots should, of course, be exactly 
divisible by two, in order that each phase may have the 
same number of winding elements with the same phase 
relations between them. Also the number of slots, or of 
coils, in each phase is usually, but not necessarily, exactly 
divisible by the number of poles, in order that each phase 
may have a group of similar elements, similarly connected, 
tmder each pole. likewise, in order to permit a three-phase 
winding to be made up, the total number of equidistant 
slots in the armature, or the total number of coils or wind¬ 
ing elements which are to be placed in these slots, should be 
exactly divisible by the number of phases, and usually also 
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the number of {)oleB. Maohines hAving a fractional 
number of slots per phase per pole are quite frequently uaed, 
however, and produce in general a better diape of e.in.f. 
wave; but the total number of dots per phase must be a 
whole number. Let us consider a few examples. 

A two-phase dmm winding for a four-pole machine is diown in 
the simplest possible form, as a radial diagram, in Fig. 349. It is 
a concentrate wave winding, having one dot per pole per phase, 
full pitch. Each phase has one element of winding, or one slot, 
under each pole, and the elementa of phase B are distant from 
the corresponding dements 
of phase A by exactly 90 
decMoal degrees. The whole 
winding is thus divided into 
two exactly similar halves, 
dectrically distmct from each 
other, just like two single 
phases, their x>oBitions being 
rdativdy fixed so that Sa 
passes under middle JVi just 
one-quarter period after (or 
before, depending on dir^ 
tion of rotation) 8b passes 
the same point. They are 
thus tied together in phase 
rdation through the magnetic 
fidd and the mechanical dis¬ 
tribution of the winding. 

The rings of phase A would 
be connected to Sa and and the rings of phase B to Sb 
and Fjj- 

A three-phase dmm winding for a four-pole machine is shown in 
Hg. 350 to 351. The winding is the simplest practicable one to 
make, occupying only one dot per ix)le i)er phase. We first make 
sure that the total number of dots is divisible by 3 (phases) and 
4 (poles). Then, holding the rotor stationary, we mark one element 
(or slot) under middle of each pole as bdonging to phase A, 
and connect tham properly together in aeries so that their e.mf.'s 
add together when they are in the position where the maximum 
instantaneous e.m.f. for the whole group is induced (as shown in 
fig. 350a). We mark one end of this series 8a hi Fig. 350b, and the 


Lx] 



Fig. 349. A radial diagram of a 
two-phase winding for a foui>pole 
madiine. 
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other end With the rotor still fixed in the same position and 
starting from Saj we proceed to ooimt the slots or coils in one 
direction arouad the armature until we have passed two-thirds of 

those which lie between the 
middle of adjacent poles. Since 
the distance between the middle 






Fig. d60a. A radial diagram of a 
three-phase winding for a four- 
pble machine, staiMxmneoted. 

the same direction until you have passed as far ahead of Sb as Sb 
is ahead of Sa- This will be 120® from 8b or 240® from 5^. Mark 
this slot or coil 8ci and locate the other C dots or coils in similar 


of adjacent poles is 180 electrical 
degrees, we have now passed 
over 120®. Put Sb label on 
this slot, element or coll, and 
locate the other three B elements 
or coils with respecb to each 
other, just exactly as the A ele¬ 
ments are related to each other. 
Connect the B group in additive 
series just exactly as the A group 
was connected, and mark Fb 
on the finishing end of the B 
series. Now from Sb continue 
to count dots or coils around in 



Fig. 350b. Devdoped diagram of the three-phase armature winding 
of Fig. 350a, ddtaroonneoted. 

podtions with respect to all other poles. Connect the C dots 
together in additive series just as the A dots were connected, and 
put the Fc labd on the finishing end of the series. If the e.m.f. in 
phase A is at its maximum value from Sa to Fa at the podtion 
shown in fig. 360a, and 360b, it is apparent that the e.m.f. Sa to 
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Fa must pass through one-third cyole or 120" before the ejxLi. 
from Sb to Fb reaches its Tnfl.TiTnnTn value (or is brou^^t into the 
same position in the magnetio field by a counteor-olook^f^ rotation 
of the rotor). Also, the e-nuf. from Sa to Fa must pass through 
} cycle or 240", before the e.m.f. from Sc to Fc reaches its maximum 
value. Since these three e.Tn..f,*a reach their miiTiTmiTn value in a 
direction away from 8 just 120" apart, oonsecutiyely, we must 
connect the S ends together to nenM, to g^ a star-connection. The 
terminals of the three-phase armature thus connected in star are 
Fa, Fb, Fc, as shown in Fig. dfiOa. The connections shown in 
Fig. S51 differ sli^tly in the method of connecting the C elements 
or coils together, but the result is exactly the same as in fig. 350a. 





Fig. 350o. Three-phase wind¬ 
ing having two slots per pole 
per phase. Two phases only 
are shown here. 



three-phase fom^pole winding, 
staiHsonneoted;—equivalent to 
Fig. 350a. 


fig. 350b is a developed view of this same winding (three-phase, 
foui^pole, one idot per pole per phase) connected in delta or mesh. 
Notice that if only we mark clearly that end of each phase which 
is separated by 120" from the shnllar end of the preceding phase, 
the connection becomes very simple, because we merdy connect 
the finishing end of one phase to the starting end of the next phase 
120" ahead, and so on. Thus we connect Fa to Sb) Fb to Sc and 
Fc to Sa- These junction points are then the terminals of the 
delta winding. The equal e.m.f .^s (Sa to Fa), {Sb to Fb), {Sc to Fc) 
are 120" apart successively in the same direction throu^ *^6 closed 
mesh or series; and it has been shown that this relation gives a 
resultant e.m.f. of zero volts around the mesh (see Art. 28). 

If the winding is to occupy two slots per pole per phase, requiring 
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3 X 4 X 2 B 24 dots dtogether, the oonhectioiia would be as 
shown in Eig. 350o. In (oder to avoid Gonfudon of lines, only 
Phases il and B have been drawn in and a lap winding with 
one inductor per dot has been chosen. Suppose we are given this 
Ha.Ttm foui^pole armature, with its 24 dots, oompletdy filled by a 
two-layer lap winding, as in Fig. 352a. There are as many coils 
as sla^ and all coils are exactly alike. Each dot contains two 




Fig. 852b. The aimature of Fig. 352a ddtap-oonneoted. 



Fig. 352c. The annatore of Fig. 852b, staiMxnmeoted. 


coil-sides or winding dements,—the one at the bottom is the 
ri^t-hand dde of a coil lying to the left of the dot, and the one at 
the top is the left-hand dde of a coil lying to the right of the slot. 
The elements at the bottom of the dc^ are shown in dotted lines. 
Such an arrangement of coils used on the stator of a machine 
is illustrated l^Kg. 363 and is typical of dl lap-wound direct- 
current machines, and synchronous converters; but it may be 
used for any sort of an altemating-cuiTent winding, closed or 
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open. If we labd the aiinilar end of every coil as its starting 
end S, and the other end F (as it is wound up on the fonQi for 
instance), then we would get a closed winding by simply solder 
ing the F of one coil to the jS of the one lyii^ in the ne^ slot, 
and so on all around the armature until the last F is soldered to 
the first S. This closed winding could be tapped at equidistant 
points, depending on the number of poles, just exactly as the 


■ ■ ■' ^ ■ I 





Fig. 853. A stator wound like the rotor in Fig. 352a. It has a full pitch 
winding, with a coil jpitch of eight. WeaUnghouae Electric A Mfg, Co. 

ring winding was tapped in Chapters YI and VII, and the same rules 
deduced there would then apply here. Or this closed winding could 
be opened up at two or more points and the parts be connected 
in series as an open winding for any number of phases as illus¬ 
trated in Art. 88 and Fig. 262 to 267. The main difference between 
it and a ring winding is that the span or pitch of the coil in this lap 
winding fixes the number of poles within narrow limits, whereas 
any ring winding could be tapped for any number of poles. We 
recognise Fig. 352 as being properly a four-pole armature, because 
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each coil Bpans ona-quarter of the odrcumferezioe, and to get the 
greatest e.mi. in a coil^ we know that its opposite sides should 
both come as nearly as possible smiultaneously under the middle 
of adjacent pdas. We have 24 coils altogetheri for 3 phases and 
4 pol^, which allows two coils per pole per phase. These two will, 
of course, be adjacent coUs, in ordw that their e.m.f.'s shall be as 
nearly as possible in phase with each other, so as to get the greatest 
possible resultant ejni. from the series. 

'V^th rotor fixed in Eig. 352a we choose a coil located exactly 
under the middle of Ni and Si, and label it Ai, Its starting end 
we mark Sa- The finish end of coil Ai we oonneot to the staorting 
end of coil A% which is adjacent, to coil Ai. We now locate coils 
At and At, also belonging properly to Fh^ A, because they are 
bcated with relation to pole 8i and Nt just exactly as co^ Ai 
and At are located with relation to pole Ni and Si. Similarly, we 
locate At and At under poles N% and jSIs, and Aj and As under poles 
Si and ^ 1 . We then group At and At in additive series by solder¬ 
ing the finish of da to the start of At. Similarly, we connect d| 
and At together, and Aj and As together. Now, since the ejni. 
is clockwise around coils Ai and da, counter clockwise around coils 
di and di, clockwise around da and da, and counter dookwise 
around dr and da, we see that in order to get these groups of 
coilB together into additive series we must connect di, da, da and 
de together siinilarly, but d|, At, dr and da oppositely. If the 
student will carefully trace throu^ the series of coils composing 
Phase A, starting at Sa and going ri^t through to Fa, he see 
that the instantaneous ejni.’s are all in the same direction at 
about the time when the ejn.f.'s induced in the coils of Phase d 
are greatest (which is about the position diown in the figure). 

Phase B h^ been started at one end, Sb (similar to the end Sa), 
of a coil located 120 electrical degrees from coil di, and from this 
point through to Fb the connections and arrangement of coils are 
an exact duplicate of Phase A, except as to actual position in the 
magnetic field. Likewise Phase C is a duplicate of Phase di, but 
Sc is located 120** further along in the same direction from Sb, or 
240^ from Sa* This gives us the six terminals of the three phases 
all properly labdedL In Pig. 362b are shown the proper conneO- 
tions between these six terminals to pve a three-phase delta. In 
Pig. 352c are shown the connections between the same six termi¬ 
nals to give a three-phase star. The only way to get a thorough 
understanding of these windings and connections is to trace through 
the lines and drcuils on the HiA gr uTn slowly and carefully, and 
then, by aid of the e3q)lanations given, to draw out some diagrams 
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oomplstely. 353 is a photograph of a two-layor winding for a 
Wesfanghouse generator. 

The c h ain winding is the one most oominonly used- for altemat- 
ing-cuirent generators and motorsi in addition to the two-layer 



Fig. 854. Phase J. of a three-phase nhnm winding for the drum ai^ 
mature of Fig. 352. Two dots per pole per phase. 



Fio. 356. Phase C of the three-phase ohain winding. 


winding. Fig. 354 represents a three-phase foui^pole chain wind% 
ingi using two slots per pole x}er phase on the same 24-slot annatunr 
which we have been using throughout for illustration. In order 
not to confuse the diagram, Phases A, B and C have been drawn 
out separately, in Fig. 354, 355 and 350. Notice that they are 
exactly alike, except as to relative position on the armature. Phase 
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B is 120° from Phase A, and Phase C is 120° further in the same 
direction, from Phase or 240° from Phase A, the positive direo^ 
tion of e.mi. in each phase being from the 8 end to the P end. 
When the three phases are assembled altogether as in Fig. 357, it 
is seen that there must be a different shape or length of ooil for 



tiiown s^arately in Fig. 354, 355 and 366. The end-conneotioiiB of 
phase A only are shoro. Three forms of coils are necessary. 

each phase in order that the ends of the coils shall not interfere 
with each other. This is expressed usually by saying that the 
end-bends of the coils are in three ranges. This is due to the fact 
that the winding is a single-layer winding (the coils of a two-layer 
winding are all exactly alike), and also because we have made rll 
. coils in each phase the same shape. In Fig. 357 the end-conneo- 



Fio. 858. Three-phase chain winding using one slot per pole per 
phase. Two coil forms only are needed. See Fig. 312 and 314. 

tions between coils are shown only for Phase Ay to avoid confusion. 
The system of connections would be exactly the same as in other 
figures which sre complete. 

A three-phase chain winding using one slot per pole per phase, 
in which the coils are made in only two forms, is shown in Fig. 
858. Photographs of this sort of winding may be seen in Fig. 
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312 and 814; it ia very convenient and common because of the 
economy of winding-forms and stock required. It is obtained by 
using the two different shapes for alternate coils in the same phase, 
fig. 358 shows the complete connections for each phase and also 



Feg. 350.. Three-phase chain winding using two slots i>er iK)le per 
phase. See Fig. 315 and 317. 

between the phases for a three-phase star. The student idiould 
easily be able to rearrange the end-connections between phase- 
terminals Sa and Faj Sb and Fb, Sc and Fo to get a three-phase 
delta. Fig. 359 shows a three-phase chain winding using two 



Fig. 360. Three-phase bar winding, (wave) using one slot per pole 


per phase; staiHSonneoted. 

slots per pole per phase, connected in star. Windings siniilar to 
this, except that they are for three slots per pole per phase, are 
photographed for Fig. 315 and 317. 

A few other typical forms are merely illustrated in the following 
figures: Fig. 360 is a three-phase bar winding (wave) using one 
slot per pole per phase. It may be extended as shown for any 
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number of pedis of poles aud is drawn staivoonnected. Fig. 361 
is known as a "dcew-coil” winding; althou^ there is onfy one 
winding element or ooil-side in each slot, edl ooils are of the same 
diape for all phases, and oonfiiots of the coil-ends are avoided by 
inidring one side of each coil longer thaTi the other mde. !E1g. 362 
iUustrates what is called a ''shoit-coil winding” for a three-phase 



Fm. 861. Skew-coil winding. All coik are alike, each having one 
side shorter thuTi the other. 



Fig. 862. ShoilHsoil winding. Each coil is sli^tly leas than two-thirds 
of the pole pitch to avoid overlapping of coils. The e.mi.’B of the two 
sideB a coil do not add to suc^ good advantage as in other types. 



Fig. 868. A '^creeping winding.” The coOs have a fractional pitdi. 
Three ooOs cover four poles in this case. The amall dnah lini^ repre¬ 
sent dots left vacant for the sake of oleameas. 


machine using two dots per pole per phase. By making the 
breadth of each coil only § of the pole pitch, overlapping of coils is 
altogether avoided, and all ooils in the entire winding are eicaotly 
alike. The series e.ntf.’s composing each phase are not added to 
as good advantage as in other types of winding using coils nearer 
full-pitch, and, therefore, more copper would be needed for the 
same capacity. The wave-form is also likely to be more peaked. 
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£1g. 863 shows a ''areepmg winding^' in which the ooUs are frac- 
tioDsI pitch and the series of coils in each phase is arranged so 
as to gain or lose one or more poles as you trace it around the 
armature. In Fig. 363 three adjacent coils each Gfpanning 240^| 
together cover 720° or four poles. Fig. 364 shows a single-phase 
whole-coiled winding for 8 poles, using 3 slots per pole, for an 
armature having altogether 64 slots. A photograph of a two- 
phase armature having a winding like this for a two-phase machine 
is riiown in Fig. 317. 

Prob. 86-9. Draw a developed diagram of connections for ^e 
full-pitch winding whose photo^ph appears in Fig. 310, assiinung 
the alternator to deliver ejn.f. at 60 cycles when dii^ at 900 
r.pjn. Connect the winding in three-phase star. 

Prob. 87-9. How many poles should there be on a revolving 
field to be used with the stator shown in Fig. 317? Draw out a 



Fio. 364. Single-phase whole-ooiled winding for eight poles, using 
three slots per pole. See Fig. 317 for two-phase winding of this 
type. 


developed winding diagram for the two-phase winding on this 
machine, showing the connections of the coils to each other and 
to the terminals of the machine. 

Prob. 36-9. How many poles should there be on the rotor 
to be used with the stator shown in Fig. 353? Draw out a de¬ 
veloped winding diagram for this mochmc as a two-phase stator. 

Prob. 39-9. The 600-kw. AUis-Chalmers alternator, whose 
winding is shown in part in Fig. 314, delivers 11,000 volts between 
terminals of the stai^onnected thr^phase winding, at 60 cycles 
per second, when driven by a water wheel at 200 r.p.m. By aid of 
the explanations given concerning Fig. 358, which is a diagram of 
this same style of winding for a smaller number of poles, draw a 
vector diagram showing how the e.m.f. in the various coils of one 
phase ore combined, and calculate: 
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(a) The 6jn.f. whioh must be generated in each complete phase 
of the winding — Kg. 314. 

(b) The ej^. wh^ must be generated in a single coil of this 
winding. 

Prob. iO-9. (a) How many poles should be on the rotor used 
with the stator stown in Kg. 316? 

(6) Draw a devdoped di^am of coimeotions for the winding of 
this machine after the Tnannar of Kg. 359, showing complete con¬ 
nections between all coils in each phase and between the delta- 
connected phases. 

(c) If the terminal voltage of this machine is 2300 volts, what is 
the e.mi. across each of the three coils of different pitch used? 



SUMMARY OF CHAPTER IX 


The conductors which compose the aimature winding of 
electrical machines are formed into COILS and placed in the 
slots of the armature core. 

THE POLE-PITCH of an armature is the number of slots 
or of inductors on the armature, between the center of one pole 
and the center of the next pole. 

IN A FULL-PITCH armature coil, if one side of the coil lies 
under the center of a pole, the other side of the coil will lie 
under the center of the next pole. 

IN A FRACTIONAL-PITCH coil both sides will not lie 
under pole centers at the same instant. Such a coil generates 
less ejn.f. than a full-pitch coil under ritwilar conditions, but 
may generate a more nearly perfect wave-form of ejn.f. 

an element of winding consists of all the conductors 
forming one side of a sini^e coiL 

Windings are usually placed in slots on the armature in 
order: 

(1) To avoid being shifted by the large torque put upon 
them at heavy load or by short circuits. 

( 2 ) To decrease the air gap between armature core and 
pole faces. 

A BAR WINDING has only one tom in each coil, usually of 
heavy copper having rectangular cross-section. 

A CONCENTRATED WINDING is one in which each of 
the phases occupies only one slot per pole. In such windings, 
the wave-form of generated emi.f. depends principally upon the 
shape of the pole faces, but also somewhat upon the pitch 
or span of the coil. The effective voltage of the winding may 
be increased by using more than one turn per coil. 

A WAVE WINDING is one which leads us continuously in 
one direction around the armature as we follow along one of 
the circuits of the winding. A development of the winding on 
a fiat surface resembles a wave (see Fig. 321 c). A wave 
winding may be either PROGRESSIVE or RETROORSSSiVEp but 
this affects only the end-connections between coils, and not 
the value of the eja.f. generated. 

485 



486 ALTEBNATINQ^URBMNT ELECTRICITY 


A LAP WINDING is one which leads us alternately clock¬ 
wise and counter clockwise around the armature, as we follow 
continuously along one of the circuits of the winding. That is, 
it laps back upon itself as we pass from one coil to the next, as 
shown in Fig. 3220 . 

When there is the same number of coils formed as there 
are poles, the winding is said to be a WHOLS-COILBI) wnrDnro. 
When only half as many coils as poles are formed, it is sold to 
be a HALF-COILBI) WUnDHTG. A half-coiled winding allows the 
arzhature to be “ split ” for repairs, etc., without cutting through 
any of the coils. Also, the react^ce of the armature may be 
less than with a whole-coiled winding. 

In order to produce a smoother wave of e.m.f. the inductors 
forming each armature path are often not grouped together 
in a few slots, but are ^ead out into many slots and distrib¬ 
uted over the armature face. This arrangement is called a 
DISTRIBUTED WIRDHTG. 

In a concentrated winding the ejn.f.’s of the several con¬ 
ductors forming a single armature path are all practically equal 
to one another at any given instant The ejnJ.’s in the 
conductors of a distributed winding differ materially among 
themselveB at any given instant, since the conductors occupy 
different relative posiffons in the magnetic field at that instant 

In order to obtain the instantaneous voltage across any 
armature path, it is necessary to add algebraically the emi.’s 
induced in the separate conductors. It is usually inefficient 
to use many inductors of which the e.m.f. is more than 60 or 
70 degrees out of phase with the emi.f. across the armature 
path. 

In order to cover economically as much as possible of the 
armature surface with active copper, two-phase or three-phase 
windings are used. By thus dividing the inductors into two or 
three drcuits, only such inductors need be joined in series as 
have ejn.f.’s more nearly in phase with the ejn.f. across the 
circuit. 

When TWO-^TBR windings are used, one side of a coil occu¬ 
pies the lower half of one slot, while the other side occupies 
the upper half of another slot One form will serve for all 
coils used in such a winding. 

In PARALLEL or MULTI-CIRCUIT WHTDINGS where two or 
more paths throu^ the armature colls are joined in parallel, 
the greatest care must be taken to see that: 

(x) The ejnJ.’s across all paths are equaL 
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. (a) The ejn.f.’B across all paths are exactly In phase with 
one another. 

( 3 ) The clearance between aU poles and the armatore are 
eqnaL 

( 4 ) The paths are so interlaced that the minitattm unbalance 
will result if the clearance does change. 

If any of these conditions are not fulfilled, local currents wQl 
circulate throu£^ the armature paths, and reduce the permis¬ 
sible output of the machine. 

Any closed winding can be tapped for either sinc^e-, two- 
or three-phase, or any number of phases. In any case, the 
phases are mesh-connected, and the winding is of the parallel 
or multi-circuit type. 

By properly proportioning the number of armature dots and 
coils to the number of poles, and by the proper connection of 
the armature windings, either sin£^e-, two- or three-phase 
coxmection can be made by OPSir-WlRDiNGS. The open¬ 
winding can be connected either in star or medi. 

The more common forms for the coils used are: 

( 1 ) Double-layer coils (all alike for a given armature). 

( 2 ) Chain (two or more forms for each armature). 

( 3 ) Skew-coil (all alike). 

( 4 ) Short-coil (all alike, but wasteful of copper). 

( 5 ) Creeping-coil (aU alike). 



PROBI£MS ON CHAPTER IX 


ABSume in all of the problems that the ejni. generated in each 
inductor is of approximately sine wave-foonn. 

Prob. 41-9. Each inductor in the winding shown in Fig. 383| 
generates say 10 volts. Draw a vector diagram to show what 
voltage is induced between the terminals of the coil occupying 
slots 3 to 4 — that is, the vdts induced between Sz and F 4 . 

Prob. 49-^. What is the phase difference for the winding shown 
in Fig. 333| in electrical time degreeSi between: 

(а) The ejiLf.'s in the various conductois composing one ooil- 
side or winding dement in any slot? 

( б ) The emi.'s of the two winding dements oompoaing coil 

1 67 

(c) The e.mi.'s of the wind^ elements composing coil 2-67 

((Q The emi.'s of the winding elements composing coil 3-4? 

Prob. 43-9. On same assumptions as in Problem 41, calcu¬ 
late the total vdtage induced in the coil SiFi, occupying slots 

2 and 5. 

Prob. 44r-9. On same assumptiona as in Prob. 41, calculate 
the total vdtage induced in the coil SiF^ occupying slots 1 and 6 . 

Prob. 46-9. (a) In the same winding (hlg. 333), what is the 
phase relation (direction from S toward F being considered posi¬ 
tive in every case) between the terminal e.mi. at zero load of coil 
3-4 and coil 2-5? 

Q>) What is the phase relation between coil 2-5 and coil 1-6? 

(c) Between coil 1-6 and coil 7-12? 

(d) Between group l-2-3-4n6-6 and group 7-8-0-10-11-12? 

(e) Between group 1-2-3-4-6-6 and coil 7-12? 

(f) Between group 1-2-3-4-5-0 and coil 3-4? 

(g) Between the entire winding and cdl 3-4? 

Prob. 46-9. The alternator whose winding is shown in Fig. 
333, when operating at rated frequency of 60 cycles, with normal 
fidd exdtation, gives 2300 volls between its terminals, at zero 
load. In replacing the coil which occupied slots 9 and 10 , which 
has been burned out, the operator gets its terminals reversed, — 
that is, Fi connected to jSb instead of to Fu, and Fu connected to 

488 
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f 10 instead of to jS«. Wliat ejoJ. is now obtamed at the i^eammah 
of the generator, when operated with same frequenoy and field 
strength as before? 

Prob. 47-9. Same as Problem 46-0, but with coil 8-11 reversed 
instead of coil 9-10. 

Prob. 48-9. Same as 46-0, but with coil 7-12 reversed instead 
of coil 0-10. 

Prob. 49-9. In maTang the end-conneotionB in Hg. 333, be¬ 
tween coils, by what percentage would the total zero-load voltage 
between the tenninalfl of the armature be increased or diminished, 
for any given speed and held excitation, if by mistalce Fa had been 
connected to S?, and Fu had been connected to iSu? 

Note. In the above problem aaaume any convenient voltage per coil, 
say 1 or 10 or 100 volts; the actual value used will be immaterifd in 
determining percentage change, as it cancels out in the calculation. 

Prob. 50-9. In Fig. 333 what is the maximum value of e.mi. 
tending to break down the insulation between the end-connector 
Fa to Fid, and the coil-conneotions 89 to Fu, 5 b to Fu and 5? to 5u, 
which it crosses, when the effective voltage between the tenmnals 
of the entire winding is 2300 volts effective? 

Prob. 61-9. If the smallest of the three coils in each group. 
Fig. 333, were left out of circuit, and the connections were com¬ 
pleted oiherwise as in Fig. 333, by what percentage would the 
terminal voltage at zero load be reduced, for the same speed and 
fidd current? 

Prob. 52-9. Draw vector diagrams of both topographic and 
polar types to show how an e.m.f. of 20 volts effective is built up 
between the terminals Fs and Si in Fig. 333. What is the effective 
voltage induced in a sin^e inductor? 

Prob. 58-9. Draw vector diagrams as in Problem 52 to show 
the composition and value of the effective e.in.f. between the coil 
terminals Si and 5i. 

Prob. 54-9. Draw vector HiAgramH in Problem 52 to show the 
composition and value of the effective e.m.f. between the coil 
terminals Si and 5a. 

Prob. 65-9. Draw vector diagrams as in Problem 52 to show 
the composition and value of the effective 6.m.f. between the coil 
terminals 58 and 5b. 

Prob. 66-9. Draw vector diagrams as in Problem 52 to show 
the composition and value of the effective e.m.f. between the coil 
terminals 5i and 58. 
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Prob. 67-9. Draw vector diagrams as in Problem 52 to show 
the oompoaition and value of the effective e.mi. between the coil 
terminals S% and Si, 

Prob. 68-9. When operated at rated frequency with its max¬ 
imum £dd current, a single-phase armature wound as in Hg. 333 
gives 3200 volts between terminals at zero load. The coils occu¬ 
pying slots 1, 2, 3, 4, 5 and 6 had to be removed for repairs. If, 
when they are being restored, the connections of coil 1-6 are re¬ 
versed, what will be the terminal e.mi. of the machine under the 
same conditions as before? Draw a vector difigrram to illustrate 
your solution. 

Prob. 69-9. Solve Problem 68 for coil 2-5 alone reversed, all 
others correct. See Prob. 46-0. 

Prob. 60-9. Solve Problem 68 for coil 3-4 reversed, others 
correct. See Prob. 46-9. 

Prob. 61-9. Solve Problem 68 for coils 1-6 and 2-5 both re¬ 
versed, coil 3-4 correct. 

Prob. 62-9. Solve Problem 58 for ooUa 2r-5 and 3-4 both re¬ 
versed, coil 1-6 correct. 

Prob. 03-9. Solve Problem 68 for coils 1-6 and 3-4 both re¬ 
versed, coil 2-6 correct. 

Prob. 64-9. Solve Problem 68 for coils 1-6, 2-n6 and 3-4 all 
reversed. 

Note. In the following problems assume e.m.f. of sine wave-form to 
be induced in each conductor of the winding. Note that the armature 
in Fig. 337 is of exactly the same construction as that in Fig. 320b, 
i.e., single-phase, four poles, thoroughly distributed in 24 equidistant 
slots. Note also that the winding of Fig. 337b is pimiliiT to that of 
Fig. 333 in all respects except the manner of grouping the oonduotors 
into coils and joining them together in series. To find the real 
eleottioal distinctions between the spiral or chain winding and the lap 
winding, therefore, compare the solutions of the following problems 
based on Fig. 337 with those obtained from airm'I«.r problems on the 
chain winding based on Fig. 333. 

Prob. 66-9. (a) What is the phase difference in electrical de- 
gi^, for the winding shown in Kg. 337, between the e.m.f. of the 
winding elements 2 and 8, oompoaing the coil Sr-F%l 

(6) Between the winding elements in coil jSj-Fq? 

(c) Between the winding elements composing coil jSt-Fjs? 

(<0 Compare results with those of Problem 42-0. 

Prob. 68-9. Each conductor in the winding shown in Fig. 337b 
generates say 10 volts: 
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(а) Draw a vector diagram to show what voltage is induced be¬ 
tween. the tenninalflp SrPs, of the coil which occupies slots 2 and 8. 

(б) What voltage is induct within coil 3-0? 

(c) What voltage is induced within any other coil of this winding? 

(d) Compare these results with those of Problems 41-9,43-9 and 
44r-9. 

Prob. 67-9. Prom Pig. 337b, what is the phase relation between 
the terminal e.m.f.’s at zero load (direction from S toward F 
being considered positive in every case): 

(fl) Of coil 2-8 and coil 3-9? 

(6) Of coil 3-^ and coil 4-10? 

(c) Of coil 4-10 and coil 6-11? 

Prob. 68-0. Prom Fig. 337, what is the phase difference of 
the e.mi.‘ at no-load: 

(a) Between any coil and the next adjacent coil? 
lb) Between coil 2-n8 and coil 4r-10? 

(c) Between coil 2-8 and coil 5-11? 

Id) Between coil 2-^8 and coil 6-12? 

(e) Between coil 2-8 and coil 7-13? Compare results with those 
of Prob. 45-9. 

Prob. 60-9. (a) What is the phase relation in Big. 337 between 
the terminal e.m.f.’s at zero load, of coil 2^ and coil 14-20? 

(6) Between group StrFa, and group ^86-^6? 

(c) Between the entire winding and group Sa-Fa^ 

Id) Compare results with corresponchng ones of Problem 45-9. 

Prob. 70-0. (a) Draw veotqr diagrams of both topographic 
and polar types, to show the composition and value of the total 
e.m.f. between the coil terminals Fu and Sr in Pig. 337b: 

(b) Between Fia and St. 

(c) Between Pu and Ss. 

Id) Between Fu and Si. 

(e) Between Pu and St- 

(J) Between Pu and Si. The e.m.f. in each inductor is 10 volts, 
(p) Compare results with corresponding values in Problems 
62-9 to 57-9. 

Prob. 71-9. At rated frequency and normal field excitation, 
the winding shown in Fig. 337b produces 2300 volts between its 
terminslB at zero load: 

(а) What is the e.m.f. between the terminals of any single coil? 

(б) What e.m.f. is there between the terminals of a group of 
coils as, between Sa and FJ 
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Prob. 7S-9. What would be the terminal e.m.f. of the entire 
winding with same held excitation and speed, if in repairing a 
bum-out in the armature of Fig. 337b, the coil 2-8 had its connec¬ 
tions reversed, i.e., & connected to & instead of Fg to St? Give 
vector HiflgriiTn showing how the total voltage is made up. 

Prob. 78-9. Same as Prob. 72-9, but for coil 3-9 reversed, 
instead of coil 2-8. 

Prob. 74-9. Same as Prob. 72-9, but for coil 4-10 reversed, 
instead of coil 2-8. 

Prob. 75-9. Same as Problem 72-9, but for coil 6-11 reversed, 
instead of coil 2-^. 

Prob. 76-9. Same as Problem 72, but for odl 6-12 reversed, 
instead of coil 2-8. 

Prob. 77-9. (a) Same as Problem 72, but for coil 7-13 reversed, 
instead of coil 2-8. 

(6) Compare results of Problems 72 to 77 with those of Prob¬ 
lems 46-9 to 48-9. 

Prob. 76-9. If, in connecting up the two groups of ooUs in 
Fig. 337b, Fa had been connected to Fh instead of to &, by what 
percentage would the terminal e.m.f. of the entire winding be 
increased or diminished at any given frequency and held excita¬ 
tion? Compare results with those of Problem 49-9. 

Prob. 79-9. Draw a progressive wave winding for the arma¬ 
ture illuBtrated in !Elg. 337a, fouivpole, single-phase, 24 slots, one 
ihduotor per slot. 

Prob. 80-9. Draw a retrogressive wave winding for the arma¬ 
ture iQustrated in Fig. 337a. 

Prob. 81-9. Draw a lap winding for an 8-pole armature with 
24 slots, 2 inductors per slot, single-phase, thorou^y distributed. 

Prob. 89-9. Draw a vector disgram showing the composition 
and value of the terminal e.m.f. of the whole of the winding de¬ 
veloped in Problem 81-9. (The e.m.f. in each conductor is 10 vdts.) 

Prob. 86-9. (a) Draw a winding diagram for a wave winding 
for an 8-pole, 24-dot armature, one conductor per slot, 10 volts per 
inductor. 

(5) Show by means of a vector diagram how the terminal e.m.f. 
of the entire winding is made up, and calculate its effective voltage. 

Prob. 84-9. Draw a “snapshot" picture of the machine illus¬ 
trated in Fig. 329, at the instant that its e.mi. has the value 1380 
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volte, the outer ooUeoting ring being of positive polarity. The 
effective value of e.mi. ae indicated by a voltmeter aorosa the 
lings is 2300 volts. 

Prob. 66-9. (a) Draw a spiral winding (like Fig. 332) for a 
6-pole armature having altogether 54 equidistant riots, the winding 
occupying only two-thirds of the total number of riots. 

Q>) Criculate the number of conductors per riot and turns ^ 
coil required to produce a total voltage of 2300 at 60 cycles, ^prith 
5,000,000 useful lines per pole, distributed so as to produce a sine 
wave of e.mi, in every conductor. 

Prob. 86-9. By vector diagrams similar to Fig. 330 and 331, 
find the total voltage induced in a partly-distributed sin^e-phase 
winding for a 60-oycle, 900-r.p.m. ri.teniator having 48 equidistant 
slots, the winding occupying two-thirds of the total number of 
slots; mnfl wave of e.m.f. having 20 volts effective value is induced 
in each of the 102 inductors composing the entire winding. 

Prob. 87-9. Solve Problem 27-0, leaving riots 3, 4, 5 and 6 
vacant in Fig, 334. 

Prob. 88-9. (a) Solve Problem 27-0, leaving abts 2, 3, 4, 5, 6 
and 7 vacant. 

(5) How many slots per pole would this leave? 

(c) Show how the winding would th en look. 

(d) Would it be a concentrated winding? 

Prob. 89-9. Draw a diagram of a concentrated winding for 
the machine shown in Fig. 334 for: 

(o) Whole coils. 

(b) Half coils. 

(c) Calculate by what percentage the number of conductors per 
slot, and also by what percentage the total number of conductors in. 
the whole machine, would have to be greater or less than in the 
winding shown in Fig. 334, in order to generate the same total 
voltage, with the same frequency and flux. 

Prob. 90-9. (a) Considering the active length of the conductor 
and neglecting the ends of the coils, by what percentage is the 
ohmic resistance of this equivalent concentrated winding of Problem 
80-9 greater or less than that of the thoroughly-distributed winding 
shown in Fig. 334 for the same armature? The slots are the same 
size in each case. 

(b) When generating the Bftmfl total kv^. at the same total 
volt^, by what percentage is the total PR loss in the equival^t 
concentrated winding greater or less than in the thoroughly-dis¬ 
tributed winding? 
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Prob. 91-9. (a) Alb^ring the same total PR loss in the con¬ 
centrated as in equivalent thoroughly-distribiited winding, at 
the same rated full load, by what percentage should the drcular- 
mil area of the conductors in the concentrated be greater or less 
than in the distributed winding? 

(h) By what percentage would the quantity of copper be greater 
or leiss? 

Prob. 92-9. (a) If, in Fig. 334 the phase difference between 
the total induced e.iai. of the entire winding and the current de¬ 
livered is 3(r, what is the poweivfaotar of each coil in the winding? 

(6) What fraction of the total kv-a. output of the entire winding 
does each of the coils generate? 

(c) What hraction of the total IR drop in the whole windiog is 
the IR drop of each coil, n^Iecting the end-connections? 

Prob. 98-9. (a) Grade the coils in the winding of Fig. 334, ac¬ 
cording to the amount of power they contribute to the total power 
generated by the machine, under the conditions of Prob. 02-9. 

(5) If it weire decided to use a winding only partly distributed, 
iimpg say only four out of the eight slots per pole, which coils would 
you drop out first? 

(c) Show the winding as you would rearrange it. 

(d) What percentage of the former armature PR loss would be 
saW? 

Prob. 94-9. Repeat all ^agrams of Fig. 334, 336 and 336, for 
a 6-pole sin^^phase winding thoroughly distributed in 6 slots 
per pole per phase. 

Prob. 95-9. Repeat all diagrams of fig. 334, 335, 336 for a 
720-r.p.m. 60-oycl6 alternator, having altogether 120 slots, the 
singLe-phflse circuit occupying only 80 of these. 

Prob. 96-9. Draw a diagram oorrei^nding to Kg. 337b, for 
winding the armature of the alternator si)eoified in Prob. 94-9. 

Prob. 97-9. (a) Arrange the winding in fig. 334 so that it 
occupies only 4 dots under each pole, each slot containing one in¬ 
ductor generating an e.m.f. of sine wave-form, 30 volts effective 
value. Note that there are 8 slots per pole on the armature. 

(6) Calculate the vector sum of the e.m.f.’s generated in the 
group of slots imder each pole by use of a diagram, such as fig. 
330, and from this calculate the total e.mi. between rings as in 
fig. 331. 

(c) Check this result by calculating the total e.mi. of each 
cofi by means of a diagram, such as in fig. 336a, and adding 
the ejni.’s of all of the ooils together successively to get the 
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total e.mi. between rings. These two methods will give same 
result if applied aoourately. 

Note. The annature. shown in Fig. 338, though different in ar¬ 
rangement of winding, is identical in inductors, if T =■ 1, with that 
shown in Fig. 333; t.e., it is foujr-pole, single-phase, thoroughly dis¬ 
tributed, 24 slots, 2 inductors per slot. 

Prob. 06-9. (a) When 10 volts are induced in each inductor, 
what is the e.m.f. between the terminals of any single coil in Fig. 
338, say the one occupying upper 2 and lower 8? 

(6) Upper 3 and lower 9, etc.? Compare results with those of 
Problems 41-9 to 44r-9. 

Prob. 09-0. (a) What is the total n umb er of coils used in. 
Fig. 338? 

(&} How many used in Fig. 337b7 

(c) How many used in Fig. 333? 

((Q What is the maximum e.m.f. acting upon the insulation be¬ 
tween the upper and lower inductors in slot 2, Fig. 338, when the ter¬ 
minal e.m.f. of the entire winding is 2300 volts and the load zero? 

Prob. 100-9. What e.m.f. is being induced between the ter¬ 
minals of each coil, as for instance the one in upper 2 and lower 8 
in Fig. 338, when t^ entire winding delivers 2300 volts at zero load? 

Prob. 101-0. What is the e.m.f. between the connectors Fu- 
Fi 9 and SsSu where they cross at the end of the armature, Fig. 
338? Terminal e.m.f. of the entire winding is 2300 volts. 

Prob. 102-9. (a) Draw a winding diagram for a two-layer 

winding to generate 2300 volts between terminals, single-phase, 
thoroughly distributed, 24 slots, 6 poles. Assume 6 volts induced 
in each inductor. 

(6) Show how a section of the slot mig^t appear. 

Prob. 108-0. Suppose that in making the end connections 
while assembling the winding in Fig. 338, Fu had been connected 
to and Fib to Sn. By what percentage would the total voltage 
of the entire winding be greater or less than it should be, at normal 
excitation and frequency, and zero load? 

Prob. 104-0. Suppose that, in replacing the coil St-Fb of Fig. 
338, after making some repairs, connections were reversed. 
By what percentage would the total e.m.f. of the winding at normal 
frequency and excitation and zero load, be increased or diminished? 

Prob. 106-0. (a) Draw a thoroughly-distributed spiral sioc^ 
phase winding for four poles on the 24-slot armature which we have 
been using for illustration, arranged for sin^e circuit, as in Fig. 341. 
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(b) Can you wind it also for am^e-phase two-oirouit? How? 

(c) K not, why not? 

Id) Could you do it if the winding were not thorou^^ dis¬ 
tributed? 

(s) How? 

Prob. 106-9. (a) Draw a spiral winding for this 24-slot arma¬ 
ture of Prob. 105, thoroughly distributed, single phase, singja* 
circuit, for 6 poles. 

(5) Repeat for a two-oirouit winding. 

Prob. 107-9. Repeat Problem 106-9, using a two-layer winding. 

Prob. 106-9. (a) Draw a veotor diagram showing how the 

tenninsl e jui. of a stator like Fig. 353, but haying o^y 8 poles 
for 06 abta, or pole pitch of 12 with odl span of 8, is buQt up 
when connected three-phase-delta. 

(5) If the machine is rated 100 kv-a., 440 volts, at 60 cycles, what 
is its' speed and what is the voltage between the ends of ea^ coil 
in the winding, assuming a sine wave of 6.m.f. to be generated? 

Prob. 109-9. (a) Draw a vector diagram showing how the 
terminal e.nLf. of the stator in Fig. 317 is built up. 

(6) The machine is rated 200 kv-a., two-phase, 440 volts. At 
what speed must it be driven to give a frequency of 60, and what 
is the voltage across each of the two spans of cod used? 

Prob. 110-9. (a) Draw a duplicate winding in Fig. 364 in 
such a way that the two winding together compose a two-phase 
machine, with three slots per pole per phase. 

(5) What percentage of the total number of riots is filled? 

(c) Draw a vector diagram showing how a terminal voltage of 
2300 per phase would be built up, and calculate from this diagram 
the voltage across each type of coil used in the winding. 

Prob. 111-9. (a) Draw a half-coiled chain winding, single-phase, 
8-poIe, using 3 riots per pole out of a total of eight slots for a 64-slot 
armature, to be equivalent to the winding shown in Fig. 364. 

Prob. llS-9. (a) Draw a complete winding diagram like Hg. 
360, and the corresponding vector diagram, for a wave-wound 
armature with single-layer bar winding, three-phase-delta, 10 poles, 
one riot per pole per phase. 

(6) Calculate the e.m.f. that must be induced in each conductor 
to give a terminal voltage of 2300 to the whole winding. 

Prob. 113-9. Draw a skew-coil winding like Fig. 361 for a 
600-r.p.m. three-phase machine to ^ve 60 cycles. Draw in the 
poles and the connectionB between coOb to form phases; show the 
phases connected in star. 
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^ob. 114-^. If the speed and flux are such in the maohine 
referred to in Problem 113-0 that each coil-side generates a sine 
wave of e.mi. whose effective value is 100 volts, calculate the 
ejni. between terminals of the manhine at zero load. 

Prob. 116-9. (a) If the flux per pole in Fig. 362 is of such 
strength and distribution that each cofl-side cWdops a 60-cycle 
e.mi. of sine wave-fonn and effective value 100 volts, what will 
be the total e.m.f. per phase and the terminal e.m.f. of such a 
shoiircoil winding for a three-phase star-connected armature to 
operate at 000 r.p.m.7 

ijb) Draw a complete developed diagram of this winding showing 
coil connections. 

(c) Draw a vector diagram to explain how your terminal voltage 
was obtained. 

Prob. 116-9. (a) Draw a vector diagram to accompany Fig. 363, 
showing the value and the composition of the terminal e.mi. of a 
12-pole, star-connected three-phase machine, if the e.mi. induced 
in each coil-side is of the sine wave-form and 100 volts effective 
value. Note that there are 27 slots under 4 poles, and that each 
coil spans 8 dots with 1 slot between adjacent coils, 

(b) Draw the complete winding diagram for this condition. 

(c) If it were desired to use 4 coils in each phase, i.e., 3 groups 
together in each phase for the 12 poles, how would the winding 
appear and how many volts would be induced in each of the 
various coils used? 

Prob. 117-9. Can you connect the coils in Fig. 361 so as to 
make a two-phsse generator with the same number of poles? If 
not, why not? 

Prob. 118-9. Can you connect the machine shown in Fig. 353 
as a two-phase generator with the same number of poles? 

(5) If so, show the complete winding diagram. 

(c) Using the same rotor operating at the same speed as in Prob¬ 
lem 108-0, calculate the terminal voltage across each phase, the 
rated amperes output per phase, total rated kv-s. and frequency, 
as a two-phase generator, with the same maxinuini allowable tem¬ 
perature rise in each armature coil. 

Prob. 119-9. (a) Try to connect the machine shown in Fig. 
317 as a three-pha^ generator in star with the same number of poles. 

(b) Draw *&e complete diagram of connections between ooiIb 
and between phases, and show by vector diagram how you figure 
your results. 
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Prob. 120-0. A two-phase induotiozi motor receives 76 am-i 
pores at 220 volts in each phasei the two phases being separate 
windings. The power-factor of each phase is 0.80. Compute 
and plot the sum of the instantaneous power received by both 
phases at instants 10 dectrical degrees apart throughout one oom- 
plete cycle. , 

Prob. 121-0. A three-phase induction motor, deltaroonnected, 
receives 50 amperes in each lead wire at 220 volts between lead 
wires. The power-factor is 0.80. Compute and plot the sum of 
the instantaneous power received by the three phases at instants 
10 electrical degrees apart throu^out one complete cycle. 

Prob. 122-0. (a) Compute and plot at instants 10 degrees apart 
throughout a complete cycle the sum of the instantaneous power 
received by the three windings of a three-phase star-oonnected syn¬ 
chronous motor. Current in each lead wire, 100 amperes; voltage 
between lead wires, 2300 volts; power-factor, 0.90 leading. 

(6) What conduaion do you draw from iSrob. 120,121, and 122 
ooncemiog the advantage of using polyphase power for driving 
motors? 
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APPENDIX A 

SIMPLE TBIQONOMETHIC FDNCTIONB 


In a tnang^e oertaiii relations exist among the sides and an^es 
which can be learned easily, and which will greatly shorten the 
work of computing alternating-current values. 



Feo. la. The sum of the angles a, h and c must equal 190^ whatever 
the shape of the Izian^. 

la. The Angles of a Triangle. — In any triangley the ram of ah 
the angles always equals i8o°. Thus in Fig. la, + 2 :^ = 

180®. So if “ 26® and ^ *= 96®, then ^ must be large 
to make up the ISO®. 

+ .4 = 25® + 96® = 120®, 

^ = 180® - 120® = 60®, 

or + + -26® + 96® + 60®«180®. 

Problem la. In a right tziangle, one of the acute angles is 30®. What 
is the other? 

Problem 2a. A trian^e has one angle equal to 27®, another equal 
to 46®. What must the third angle be? 

2a. The Bight Triangle. The Rdations of the Sides to One 
Another. Consider the relation of the lengths of the sides to one 
another in the right triangle in Fig. 2a. The longest side H is 
called the hypothenuse, and is always opposite the right angle. 
The other two aides are called legs. It has been found that: 

The square of the length of thin hypothenuse is exactly equal to the 
sum of the squares of the lengths of the legs. 

4U0 
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In ihe fonn of an equation, this is mitten 

B - + 

^ -3, 

S-4, 

B«- 16, 

fl»?-9 + 16-26, 

V§6 

= 6 . 

Aeoordiiigly, if we know the length of two logs of a zi^t trian^e, 
or of one leg and the hypothenusoi we can always find the length 
of the third side. 


From this we get 

Thus if 

then 

and . 
or 



Fig. 2a. lii a right triangle the 
square of the hypothenuBe, H, 
equals the sum of the squares 
of the legSi A and B. Thus 


a—i8fL 



Fig. 3a. Ih the right 
triangle h* = 6* + o*. 


Svample la. One leg of a right Iziangle is 12 ft, the otho: is 20 ft. 
How long is the hypothenuse? 

Consbiict Fig. 3a. 

W-a^ + 6*, 

h - Vfl^ + 6* 

« V144 + 400 

- VsSi 

- 23.3 ft 

Example 2a. One leg of a right triangle is a line representing 120 
pounds, the hypothenuse represents 200 pounds. How many pounds 
does the other r^resent? 
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Construct Fig. 4a. 

A*-0^ + 6*, 

o - V40,000 - 14^400 

- v^sieoo 

— 100 pounds. 

Problem 8a. In a ric^t triang^ the two legs are 40 and 00 req)eo- 
tively. How much is tibe hypothenuse? 

Problem 4a. One leg of a right triangle 
represeats a pressure of 110 volts. I^e 
hypothenuse represents 176 volts. How 
many volts must the other leg represent? 

Problem 6a. The side opposite the right 
angle of a zig^t triangle measures 4.17 
inohes. One 1^ measures 3.07 inches. Fia. 4a. In a right tri- 
What must be the length of the other leg? an^e A* » a* + &> or 

Problem Oa. How long a ladder is neces- a 
sary to reach a window 16 ft. from the 

ground, if ihe foot of it cannot be placed nearer the building than 
8 ft on level ground? 

Problem 7a. A rectangular lot measures 100 yd. by 80 yd. How 
many yards of travd are saved by going across lots ” in getting from 
one comer to the opposite comer? 



A-W»t 


8a. Relations Among the Sides and An^es in a Right Tri¬ 
angle. Sine. Consider the right triangle in Fig. 5a, having one 

angle of 30*^. In such a triangle the 
length of the side opposite the 30° 
angle, that is, the side a, will always 
be mmotly one-half of the length of 
the hypothenuse h. Thus if the 
hypothenuse is 10 inches long, a will 
be } of 10, or 5 inohes long. If h 
represents a force of 90 pounds, then 
a will represent a force of i of 00, or 
46 pounds. 

Suppose that we have a ri^t tri- 



Fia. 6a. In a right trian^ 
having a 30° aofijei the aide 
opposite the 30° angle is aJ- 

WfivH onft-half AA Innff jui tbft wupi'VDc uuau tto «i*- 

an^e, Fig. 6a, wilii a 53° an^e in the 
hypothenuBe. ^ of the 30“ of Kg. T Then 

the length of the leg a (opposite the 63° angle) will be ^ of the 
length of the hypothenuse h. Thus if h is 10 in. long, a will be 
1 % of 10, or 8 inches. If h is 40 inches long, a will be of 40, 
or 32 inches long. 
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THIS FRACTION the aide opposite an angle is of the hy- 
pothenuae has been given the name of SINE of the angle. Thus 
the sme of 30° is 0.5, which means that in 
any right triangle containing a 30° angle, 
the aide opposite this 30° angle is 0.5 of 
the hypothenuse. It is usually written 

sin 30° = 0.500. 


A table has been made of the sines of 
all between 0° and 00°, and can be 
found on page 521, columns 2 and 6. 

By means of this table, if one of the 
angles of a ri^t triangle is known, together 
with the length of the hypothenuse, then 
the length of the two legs can be found. 
Or if any angle and one leg is known, the 
hypothenuse and the other leg can be 
found. 



Fig. 6a. In a ri^t tri¬ 
angle having a 53° 
angle the side oppo¬ 
site this 53° is always 
of the hypolh- 


enuse. 

Example 4a. If the hypothenuse of the 
ri^t triangle of Fig. 7a is 14 inches long, what are ^e lengths of the 
sides a and b? The ang^ between h and a ^ 26°. From the defini¬ 
tion of sme, we know that 


sin 25° 


side opposite 25° ^ 
hypothenuse 


Thatis^ 

From the table, sin 25° 0.432. 

Therefore | » 0.428. 

h 



tain value called the sine of 25°. 


5 -0.423h 

- 0.423 X 14 

— 5.02 inches. 


Sinoe the sum of the of ^le triangle must ec^uid 180°, the 
opposite a must equal 180° — 25° .— 90° » 65°. 

an aide opposite 66° ^ 

" hypothenuse 

or 2_aine6*. 

a 
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From the taUe^ 
Thenloire 


Bin 6S” » 0.906. 


2-0.906. 


a-0.006A 
- 0.906 X14 
»12.7inQbeB. 


Tliis oheoka wiiih the rule that the 
square of the hypotheuuae equals 
the sum of the squares of the other 
two sides, because 

12.7* + 6.92* - W. 

Ebmni^e 6a. One of the angles 
of a li^t triauj^ is 36^ and the side 
opposite it represents a force of 240 
pounds. How large must be the 
forces which are represented by the 
hypothenuse and the other side? 
CcHiBtruot 8a. 

By definition of aine^ 



Fig. 8a. Thefraction^^ 

A 

The fraction ? - sin 




sin86» - SdL0EE25te^, 

hypothenuse 

Bin36''-^- 

From table. 

UlUB 

sin 86“ - 0.674 

0.674 

or 

0.674%-240, 

240 

0.674 

— 418 pounds. 

The an^ opposite leg a equals 


From tables 


ISO* - 90® - 36* - 66®, 

Bin66» - 5deoEE2Stei§! 
hypothenuse 
a 
“h 

a 

“ 418’ 
sin 66®-0.819. 
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Thus 



0 ^ 10 , 

0.810 X 418 
343 pounds. 


By means of this rdlation 
whi^ eidsla between the side 
opposite an angle and the hy- 
pothenuse, the number of de¬ 
grees in the angles of a right 
triangle may be found. 

Bzample 6a. Determine the 
angles in a right triangle, hav¬ 
ing 20 pounds for one leg and 66 pounds for hypothenuse. 

Construct Fig. Oa. 

By definitinn, 

20 

Bin^- -0.308. 

00 

From tables 

0.300 is sine of 18^ 

Therefore 

angle B » 18° approx., 
an^0 - 180° - 00° - 18® 

- 72° approx. 




Fig. 10a. In the ri^t tri¬ 
angle find the value of 
the sides S and T. 



Problem 8a. Find the value of S and T in Fig. 10a. 

Problem 9a. A 40-ft. ladder lft«.ning against a house makes an 
angle of 72° with the ground. To what height does it reach on the 
side of the house, and how far is the foot of the ladder from the house? 
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Ptoblem 10s. In Fig. lls, AB is 48 inohes long. How long are 
HCond^C? 

Ptoblemllo. A 25-ft. ladder leaning against a house xnakes an 
angle of 62^ with the ground. To what height does it reach on the side 
of the house, and how far is the foot of the ladder from the house? 

Problem 12a. Find the value of Z in Fig. 182. 

Problem 18a. One leg of a ri^t triangle Tepresents an 6.mi. of 240 
volts. The hypothenuse rqnesents 300 vdlts. What is the angle 
opposite the 240 leg? 

Problem 14a. How many volts 
does the other leg of the right tri- 
ang^ in Problem 13a represent and 
what is the value of the an^ c^po- 
site it? 

Problem 16a. A pole resting on 
th^ ground is inclined at an an^e 
of 20° from the vertioal. From &e 
top of Hie pole to the ground, 
measured on a vertioal linei is 15 ft. 

How long is the pole? 

Problem 16a. What must be the 
value of the an^ in Fig. 12a, 
in order to make MX ■■ 110? 

OM » 200? Fio. 12a. The triangle "OMX is a 

Problem 17a. What is the value right triangle, 

of the line OX in Frob. 16a? 

Problem 18a. If an^ ^ remains the some as m Ftob. lOa* how 
long must OAf be in order to make OX ■■ 84? 

Problem 19a. Find the value of J^i in Fig. 170. 

Problem 20a. Fmd the vahie of Z in Fig. 184. 

Problem 21a. What is the value of (i) in Fig. 17? 

Problem 22a. In Fig. 10, what is the vidue of (t)7 

Problem 28a. Find (i) in Fig. 20. 

Problem 24a. What is the vidue of (i) in Fig. 22? 

Problem 26a. What is the value of (s) in Fig. 307 

Problem 26a. In Fig. 36, equals 220 volls. What is the vidue of 
(- ei)? 

Problem 27a. Find the values of CS and BE in Fig. 86. 

Problem 28a. AH, Fig. 88, equals 840 volts. What is the value of 

Bm 

Problem 20a. In Fig. 138, 0/ => 62 amperes, $ — 22°. What value 
has Ij^n 

Problem 80a. In Fig. 188, 0/ » 62 amperes, B - 22°. What value 

has/x^? 
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4a. CoBine. We have seea that in a light trian^e, as in Hg. 
13a, the leg a is always a definite fraction of the h^^thenuse* 

This fraction is called the sine of the 
ap^ which is opposite ibe side. 



Thus 


sin^. 


It is also true that b, the mde 
adjacent to the an^ a, is a definite 
fraction of the hypothenuse. This 
fraction is called the COSHVB. The 
cosine of an anfi^e then may he defined 
as that fraction which Ihe side ad¬ 
jacent to the ongje is of the hypoth- 
enose. 

, 6 
ooss*-^- 

Jf ond^-dO^ 

then h must equal i of 40, or 20, because cos 60^ » 0.500. On 
page 621 is a table cl coones. 


!E!ig. 13a. The fraction ^ is 
called the ooBone of the angle S. 

Thus 


Example 7a. In 13a, 0 » 40^, A 12 ft What length does b 
represent? By definition, 

aide adjacent 40;, 
hypothenuse 

caBdO”-! 

a 

h 

“12* 


nomtafak^ 


oce 40^-0.700. 


12 

b 


0.766^ 

12X0.786 
0.10 ft 


Problem 81a. Sohre Prob. 14a by the cosine table. 

Problem 88a. One an^ of a right triang^ is 36^ The side ad¬ 
jacent to this angle represents 000 amperes. How many amperes does 
the hypothenuse r^resent? 

Problem 88a. Solve Frob. 18a by the cosine table. 

Problem 84a. If in Fig. 18 a a ■> 75, h b 120, what value has the 
im glft between them? 
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Problem 80a. How long must the hypo&enTiae of a ligjht trian^ 
be when one of the angles is 20^ and the aide adjaoent to this angle 
is 2.10 inahes long? 


Problem 88a. In Big. 60^ whab 
is the -vidue of 

Oa. Tangent. Consider Big. 
14a. Not only does a definite 
relation exist between a and b, 
and between b and h, but also 
between a and b. 

The rdation of a to b is oalled 
the sine of the angle 8. 

The relation of b to h is oalled 
the cosine of the angle 8. 

The relation of a to b Is called 
Ibe tangent of the an^e 0. 

As it is generally written 



“ « |-tan«L 


dna 

OOBS 

tans 


a sideoppoBite8 
h hypothenuse 
h side adjacent 8 
h hypothenuse 
a sideoppoaHieg 
h fidde adjacent^ 


Ttwwnpt fl 8a. If in Fig. 14a the an^ 8 Is 25" and b Is 0 inohes koft 
how long is a? 

By definition^ 

^gSo^ridaopRpeitegg 
fidde adjacent 25^ 
a a 

“b "o’ 

Prom table cm page 521, 

tan 25" - 0.466. 

Tbufl I - 0.466, 

0=0X0.466 
= 419. 


Problem 87a. In Fig. 14fi^ if a 45 pounds and 5 « 65 pounds^ 
what value has angle 8? (Use tangent table.) 

Problem 86a. Solve Prob. 17a by means of tangent table. 
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PraUem 89a. One leg of a right trian^ lepreeentB 110 Tcdta. Tbe 
c^poslte this kg is 28". How many yolts does the other leg 


repreBent? 



Fig. 16a. Ari^triaag^ 


Problem 40a. In Fig, 10a» 
find the value of T by mMum of 
the tangent table. 

Problem 41a. In Fig. 15% 
ZZ - 600, FX « 300. Ebulthe 
vahie of the an^ 6 . 

Problem42a. FindZFmFig^ 
15% and angle 

Problem 48a. One of the kga 
8 

of a lig^t triftn glft k ~ of the 


hypothenuse. What k the angle between this leg and the hypothenuse? 

Problem 44a* What fraotion of the bypothenuae in trian^ of 
Prob. 48a k the other kg? 


6a. Solution of Oblige Triangles and ParaUdogiainB. Tri- 
angles whioh are not li^t tzian^es are called oblique triangles* 
They can be solved either by dividing them up into right trianglee, 
or adding enough to them to make tbpm ri^t triangles. The 
right triOTglea thus formed oan then be solved as above. Paral- 
lelograms are solved in the same way. 



16a. By a d din g the lines d and a to the para]lel(^rai% a rifdift 
triangk k made by the aides % d and (c + a)> 

Bzample 9a* In altenmtmg-cniireDt work it k often neoessaiy 
find the diagonal a of a parallelogram, £ 1 g. 16% of which the Edd«i L 
and c and the an^e between are known. 

Draw d penpendioular to e which k an eKtension of c. It be 
proved that b' always equals b and that 0 always S. 

Angle B ~ 60". Therefore anc^ 0 ■« 60". 
h "i 20 . Therefore V ■> 20 . 

i-rin*-rin 60 *-i 0 ^ 

0.806 b' 

-0.866 X 20 
-17.3. 
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In taUi^ 

Therefcae 

but 


^ - 006^-oofl 60 ^- 0 ^ 

0-20X0.600 

- 10 . 

d vrs 


Tenx - 


c+e 

173 

60 


60 + 10 
>0388. 


0387 

ATlglfl X 

d 

a 


-tan 16®. 

- 16®apprar.» 

Bi edns — Binl 6®9 


173 

a 


0376, 


173 - 0376<^ 



-62.6. 

Thus a - 62.6 and ads at an angle of 16® to (7. 


7a. The Diagonal of a Paralldogram. The above method re¬ 
quires BO many construction lines and so much computation that it 
is customary, when the length of the diagon^ is required, to use 
the following rule which is very easy to remember. 

The square of the diagonal of a paralldogram equals the sum of the 
squares of the two sides plus twice the product of tiie two sides times 
tiie cosine of the angle between the two sides. 

The sides referred to are always those two which come together 
at the point where the diagonal starts. 

Thus in Eig. 16a, the square of the diagonal, a', equals the sum 
of the squares of the two sides (b* + c^) plus twice the product of 
these two sides times the cosine of the angle between them (a be 
cos 60®). 

Note that the ades b and c come together at the i)omt where the 
diagonal a starts, and that it is the an^e 60® lying between b and c, 
which is used in the equation. 

We use this equation to solve for a as follows: 
a*=6» + (? + 26cco8 60® 

-20* + 60» + 2 X 20 X 60 X 0.600 
= 400 + 2500 +1000 
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The dlagosAl is thus found much more quickly and accurately 
by rule than by completing right triang^ and solving tham- 


Problam46a. One aide of a parallelogram represents a force of 
000 pounds; the adjacent side, a force of 650 pounds. The angle be¬ 
tween the two sides is 40**. What force does tiie diagonal drawn from 
th^ point of intersection represent? 


> Problem 46a« In Fig. 100, find the value of 2% when Z ohms and 


Zi a 10 ohms. 



Feo. 17a. Find the value of c when 
a, b and ^ are known. 


Problem 47a. The diagonal of 
a parallelogram represents a volt¬ 
age of 860 volts. One side rep¬ 
resents 100 volts. What does the 
other aide represent if the ang^ 
between the two sides is 36**7 'fhe 
diagonal is drawn from the point 
of intersection of the two sides 
mentioned. 

Problem 48a. Find the value of 
c in Fig. 17a, if a « 10, 5 ■■ 16 
and ^ B 60**. 


Problem 49a. What value must b have in Fig. 16a in order that a 
may have the value 75, c and d having the original values? 


Problem 60a. Two forces, one of 240 pounds, the other of 160 pounds, 
make an angle of 60^ to each other. Construct a parallelogram and 
find the len^ of the diagonal which represents the resultant of the 
two forces. 


Problem 61a. In the parallelogram of Fig. 17a, a 00, 6 » 126, 
^ — 76**. Find the side c. 

Problem 62a. What is the value of OiS in Fig. 83? 

Problem 58a. Find the value of in Figi 84. 

Problem 64a. Find the angle which OR of Fig. 84 makes with Od. 

Problem 66a. Find the value for OBi of Fig. 84, using results 
obtained in Frob. 53a and 64a. 


Problem 56a. In Fig. 91c, A « 400 volts, B =» 600 volts. What is 
the value of £i? 

Problem 67a. Find the value of / in Fig. 167. 


8 a. The Oblique Trian^e. Relation between Sides and 
Anj^es. The Cosine Law. It will be noted from Fig. 17a that 
the paralleiogram is divided into two tnangles by the diagonal 6. 
The sides of one triangle are a, 5 and c. The angle e is between 
the sides a and 6. 
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Confiidering these lines as a part of a paraJMograjni we have 
seen that the following equation holds: 

6* — o* + + 2ac oos 

If, now, we consider these linafl as sides of a triaDgJe, we find 
that the fallowing very similar equation can be used: 

Cl* «= o* + 6* — 2 oft cos 

In order to distinguish this equation from that for the paraHeliO- 
gram, it is merely necessary to note that the sign of the term 
2 ob COB B has been changed to a minus, and that the a is 
alwa 3 rB the an^e opposite that side wldoh stands alone bn the 
other side of the equation* Thus the value ci* stands alone on one 
side of the equation and therefore the angle B is used. 

The most common use of this rule is for finHing the A.Tigl<w of a 
triangle of which the three sides but no angles are known. 

Suppose, in the trian^e ohci, of Kg. 17a, that a - 80, 6 - 120 
and Cl B 60. The value of the b can be found as follows: 


ew)* - 80*+120* - 2 X 80 X 120ooe^. 
19;200 cos B - 20,800 - 3600 

17.200 

19.200 
» 0.806 

a - 26** 20'. 


COBS 


The an^e opposite the aide a can be found in the same way. 
Let X — an^e opposite side a. 

Then 

0* — h* + Cl* — 2 6c cos ® 

80*-120* + 60*-2xl20X60ooa» 

120* + 60* - 80“ 

2X120X00 
-.806 
* - 86® 20'. 

TSie lemaining angle » 180 — s— a: 

- 180 - 26® 20'- 36® 20' 

- 117® 20'. 


In any trian^e any two sides have the same relatloii to each 
other as the sines of the an^^es opposite the sides. 

This rule is called the Law of Sines and enables us to solve quickly 
diagrams in which we know two an^es and one side of a tiian^e, 
as in Kg. 18a, where two an^es of 60® and 50® are ^ven and one 
ode, a » 24. 



612 ALTEBNATINQ-CUERENT ELECTRICITY 


The otiher an^ miist equal 70^ in order to h&ve the sum of the 
angto add to 



Fig. 18a. The fraction - equals 
0 


Usiiig the Law of Sines, we have 

e ^ sine of angle opposite o 
a sine of angle pppodte a 
^ sin 60** 

"sin 60“ 

« 0-866 
Thus " 0.766’ 

- - 1.18. 
a 

That is, CBl.lda 

» 1.13X24 
-27.1. 


the fraction 


ani50“ 
sin 60*’ 


flfmflRTly 

6 

a 


Thus 

b 

a 

b 


sine of ande opposite b 
sine of angle opposite a 
sin 70“ 
sin 60“ 

0.940 

0 . 866 * 

1.23 

1.28a 

1.23X24 

29.6. 



Fig. 19a. An oblique tii- 


Problem 56a. In Fig. 10a, find the value of 8 and T by the law of 
sines. 

Problem 59a. Fmd the value of the aide c and the other two ang le s 
in Fig. 19a. 


Problem 00a. In Fig. 20a find the length of the sidee a »^n/l i). 

Problem 01a. Find the value of the angle between JSi and A in 
Fig. 91o. A - 42, J? = 61. 

Problem 02a. What is the value of the an gle between OR and OA 
in Fig. 78? 

Problem 68a. Computo the value of the angle b^een Ii and ORi 
in Fig. 139a. ORi - 42.2. 

9a. The Sine of Angles Greeter than 90 ®. In alternating-cur¬ 
rent computation, we often use such e3q>re8siona as sin 120“, sin 
330“, etc.,^ yet it will be noted that the trigonometrio tables do not 
give the sine, cosine, or tangent for angles greater thn-n 90 “. 
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Hie reason is that for angles beyond 90° the tables would merely 
have to repeat the values already given. Thus sin 91° is the same 
as sin 89°, sin 92° - son 88°, eto. 



¥xq. 20a. To find the value of the aides a and & in an oblique trian^e. 


When looking up a function of an angle greater tTm-n 90°, it is 
necesB^, then, to know what angle in the tables has the same value 
for this funotion as the one with which we are dealing. This can 
best be determined as fdOows: 


Suppose it is desired to find 
the sine of the angle 120°. 

Instead of oonstmcting a tri¬ 
angle, erect the axes xx' and 
yy't Fig. 21a. Draw OB at an 
an^ ^ 120° to OX. Drop a 
petpendicular BV from B to xa/. 
BV 

Then ^ is the sine of 120°. 

But we see that must also 

be the sine of the angled. Since 
S+120° —2 ri^t angles *= 180°, 
then S - 180° - 120° - 60°. 
Thus 

sin 120° - sin (180°-120°) 
— sin ^ 

- 0 . 866 . 



BV 

Flq. 21a. The fraction -gg - sin 

120° - sin a® - sin (180° - 120°) 
-sin 60°. 


In the same way the ame of all angles between 9CP and 18(f can 
be found. Thus: 

am 92° - sin (180° - 92°)-Bn88° 
sin 160° - sin (180° - 160°) - rin 30°, 
am 166° — sin (180° — 165°) = sin 15°, 
eto. 
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The rule 16 

The rine of any ao^ between po° and i8o^ equals the aine ol an 
anjjle whose value Is i8o^ minus die given angle. 

It is best not to memorise any rul^ but in each case to draw a 
roug^ diagram and note the above reLatian. 

I*' 



R 


VR 

l!io.22a. The fiaotion ^ «ain 220 ®--am a®--sin (220-180®) 

»-Hm40®. 

Suppose it is required to find the sine of an angle between 180" 
and 270", say 220®. Constniot the axes xo/ and yy' of Pig. 22a, 
and draw OR at an ang^ of 220" to Ox. Note that OR is always 
drawn at the given angle to Ox. Draw BV pezpendioular to xx\ 

Now ^-011220“. 

VR 

«=. 220" - 180“ - 40*. 

Therefore on 220“ « sia (220“ —180“) 

= sm40“, 
sin 40° 0.643. 

But note that in this case 7B is below the line aa'. Whenever this 

occurs, the line 78 is said to be negative. Thus the fraction ~ 

OR 

must have a minus sign before it and 

sin 220" = — sin 40® 

- -0.643. 
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The Bine of any on^e between ito* end 370 ° must have the minw 
sign, and equals the sine of an angle whose value la i 8 q‘ less *»ia« the 
given angle. 

Thus on 186 “ - - an ( 185 “ - 180 “) - - am5* 
on 260 “ =-Bin ( 240 “ -180“)--an 60*. 



VR 

FEa.23a. The fcaotion -gg - sin 826‘’« —ain ff®- —an (800*—325®) » 

— sill 36®. 


Simaarly, the sme of any angle between 270° and 360° can be 
found by drawing the axes xx' and yy' of Fig. 23a and putting in 
the line OB at the given angle, say 326°, to the line Ox. 


But 


^-6111328“. 

YE a 
OB “■ 

e = 360“ - 325“ » 36“. 

Thepefareffln326* = dn36“. But 7 jB is below the Ene and that® 
• "Vlt 

fore IS negative, thus^^, or sm 35“, must be negative. 

Thus ^ 326* = - on (360“ - 326“) 

- - sin 36“ 

- - 0.674. 

Similarly on 300“ - - edn (360“ - 300“) - - on 60, 
an 360“- - sin (360“ - 360“) - -dnl(y*, 
etc. 
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The one of any an^e can be found by the above method. Care 
must always be taken to note whether the line BV is plus or minus; 
that is, whether it is above or below the line xa/. 


10a. Cosine of Angles Greater than 90°. Suppose it is required 
to find the ooedne of any angle between 00” and 180°, say 120^. 
Draw iig. 21a again. 

OV 

^-cosl20*. 


But, also, 




B has been found to be equal to ISO** — 120° — 60°. 
Thus 008 120° - (006 180° - 120°) - ooflOCf 
- 0.600. 


But TThen the line OV extends to the left of the axiB yj/ it has the 

OV 

minus dgn. Thus the fraction 77^ must be negative. 

(Jib 

Therefore oos 120° = — oos (180° — 120°) 

= — 00s 60° 

- - 0.600. 

Siimlsply cos 92° = — oos (180° — 92°) - — gob88°, 
oosl75°- -cos(180°-176°) = -cos6°. 


In !Elg. 22a it will be noted that the line OV is still to the left of 
so that the oosine of any an^e between 270° and 180° is also 
negative. But in Ilg. 23a the li^ OV extends to the right of yy'^ 
and thus the cosine of any an^ between 270° and 360° is positive. 

Note that in finding the cosine of any angle greater than 90°, we 
use the same figure which is drawn for finding the sine and the flftrnft 
rules api^. *^6 only difference is in the sign of the function. 

11a. Tangent of An^^es Greater than 90°. To find tiie tan¬ 
gent of any an^e between 00° and 180°, say 120°, construot Eig. 
21a. Note that OV is minus. 


But, also, 

Thus 

Similflriy 


tan 120°' 


7B 

-70’ 


- -tanff- - tan (180°-120°) - - tan 60*. 
tan 120° — tan 60°. 

tan 08°=-tan(180°-98°) --tan82°, 
tan 170° - - tan (180° -170°) = - tan 10°, 
etc.. 
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An interesting faot must be noticed in the case of the tangent of 
angles between 180” and 270°. By Eig. 22 b it' can be seen that 
VR 

tan 220® = and that both VE and OV are negative. 

This makee the fraction poedtivoi since it is the quotient of a 
negative by a negative. The tang^t of aJl angles between 180® 
and 270® must be positive. 

Thus tan 220® =■ tan (220® — 180®) = tan 40®, 
tan 266® =■ tan (266® — 180®) ■» tan 86®, 
etc. 

VR 

By Fig. 23a it will be seen that in the fraction the tangent 


of any angle between 270® and 360®, OV has become positive while 

OR 

VR remains negative. Thus the fraction ^ is negative and the 


tangent of all these angles must be negative. . 

Thus tan326® - - tan (360® - 326®) - - tan36®, 
tan 276® - - tan (360® - 276®) - - tan 86®. 

To find the sine, cosine, or tangent of any angle greater than 90®, 
proceed as above, each time drawing the axes and the line 012, and 
noting whether either or both of the lines OV or RV are negative. 

Lo^ up in the tables the function of that an^e which the figure 
shows to have an equal function. 

For angles greater than 360®, subtract 360® before proceeding. 


Problem 64a. 
Problem 66a. 


Problem 66a. 
Problem 67a. 
Problem 68a. 
Problem 69a. 
is 0.600? 
Problem 70a. 
Problem 71a. 


Find the cosine, sine, and tangent of 156®. 

Reduce the following to functions of acute angle. 

(o) Sin 164®. 

(6) Cob 196®. 

(c) Tan 173". 

What is the value of tan 310®? 

Find the value of sin 816®. 

Of what angle greater than 180® is 0.402 the sine? 
What are the angles loss than 360® the cosine of which 

Find the value of e in the equation e 400 sin 260®. 
Find the value of E in the equation 
— 42 — E cos 130®. 


Problem 72a. 

equation 


Find the value of 9, greater than 90®, which fits the 
96 « 400 cos B, 


Problem 78a. What is the value of the angle 6 in Fig. 17a, if the 
values of Problem 61a are applied to the figure? 

Problem 74a. Find the v^ue of e in Fig. 177. 
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Summaiy of fhe Trigonometiy Needed to Solve Alter* 
nating-cuirent Probleme, 

(1) In any triangle the sum of all the anglea equals 180^. 



Fio. 24a. A right triangle. 


00 In a right tiianglei Eig. 24a. 

(а) - a* + 6^. 

(б) Sin^-|, cofl^»2 tane«-- 

n n a 

(c)aii*-j, 008 ^-^, 

(3) The rides of any triangle hold the same relation to one an* 
other as the sines of the angles opposite them. 

(4) In any parallelograin, the square of the diagonal equals the 
sum of the squares of the two rides^ which meet where the diagonal 
starts, plus twice the product of these two sides times the cosine 
of the an^ between them. 

d*=6* + c?4-26coo8S, 
a « diagonal 

dc 1 = rides which meet where diagonal a starts. 

c) 

B — an^e between h and c. 

(6) Oblique triangles and parallelograms can be solved, without 
the use of rules (3) and (4), by dividing them mto right triandes 
and using rules (1), (2) and (3). 

(6) The sine of any angle is equal to the sine of some angle less 
than 90®. Tins an^e can be found by drawing diagrams like Fig. 
21 a, 22a and 23a. Some of the sines may be negative. 

(7) The statrinents in (6) are true of the cosine and tangent ol 
any angle. 
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Problem 76a. If the two foroea in Fioblem 46a are at a|i a n g le of 
160% what would the resultant be? 

Problem 76a. In the parallelogram Fig. 26a, 
a - 800, 6 » 600, ^ » 182^. 

Find: 

(а) The line c. 

(б) The angle 6. 

Problem 77a. In the parallelogram of Fig. 17a, 

a -000, 
e-40O, 

^ - 70“. 

Find the value of 6. 

Problem 78a. Find the value of 6 in Prob. 77a. 



Fm. 25a. Given 0, a and c. "Find the value of h and 8. 

Problem 79a. In the parallelogram of Fig. 26a, 

a-8, 

c-6, 

^- 186 ^ 

Find h and 8. 

Problem 80a. One aide of an oblique trian^ is 12 inbheB long, the 
adjacent aide is 7 inehes long. The an^e between aidea ia 80^. How 
lATigr is the third aide? 

Problem 81a. If the'angile between the two aides given in Prob. 80a 
were 120% how long would the third aide be? 

Problem 82a. .A. triangle is oompo^ of aidea, 18, 20, and 87 indhea 
long. What are ft-ngifla of triangle? 

619 
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Problam 88a. Explain how you would detennine^ by moanB of a 
steel tape only, whedier the oomer oi a certain lot is an exact ri^^t 

Problem 8ia. How long must a guy wire be, if attached to a dO-ft. 
pole at a point 15 ft. from the ground in order to attach to an andhcnr 
in level ground at a distance of 16 ft. from the foot of the pole. 

Problem 85a. A guy wire attached to one i^e at a point 20 ft. from 
the ground is attached to the next pole at a point 0 ft. from the ground. 
The p^ are 100 feet apart and set in levd ground. How long is the 
guy wire, neglecting sag? 

Problem 88a. How long are the sides of an A-shaped transmission 
line tower, if the top or apex is 30 feet above ground, and the feet are 
10 feet apart at the ground? What are the angles at the apex^ and 
between each side and ground? 

Problem 87a. What is the length of the longest straight piece of 
material or bar which can be put on a flat-car whose dimensionH are 
40ft X8ft 

Problem 88a. What is the horizontal distance between two verticid 
transmission line towers which are 600 ft apart as measured along 
the wire^ which sk^ to an angle of 20** to the hoiizontal and has 
no sag? 
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NATDBAL SENES, (COSINES, TANGENTS AND 
COTANGENTS 


0" to 8® 4“ to 10" 



Sr to 9<r ( 521 ) 80“ to 86“ 
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Tabud m 


1 on. ft. of trater weij^ 02.6 lb. 

1 hcree power >■ 33,000 ft. lb. per minnto. 

1 kilowatt = 1.34 horse power. 

1 B.t.u. - 780 ft. lb. 

1 ou. in. of ooppffl wd^s 0.3106 lb. 

1 <ni. in. of aluminum weighs 0.0063 lb. 

1 ou. ft. of I gathradte ooal wd^ approx. ^ 

1 ou. ft. of I I bituminous ooal wd^s appno. ^ 

1 bend of crude oil ■■ 41 gal. ■■ 310 lb. 

1 ton - 2000 lb. 

Beeistanoe per mil-foot of copper at 20^ C. . . 10.371 ohms.* 


TbHBBIBATURB COBFFlUllflNW OF RbSIOTANOB* 



AtO'Q 

At20*C. 

Commeroial Copper. 

Commeroial Aluminum .... 

0.00427 

0.00308 

0.0089 


* CirculaT of ihs Bureau qf Standarda, No. 81. 
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A 

Adding ejBi.’e, 77 
Additive seiieB, 800, 443 
Air gap, 239 

Alteniatiiig ourrent, advantages 
of, 11 

Altemating-oiiiTent generators, 
sm^e-phafl^ 281 
Alteraating 44 
average value of, 65, 57 
effective v^ue of, 60 
iwR^nTmiTTi vaJue of, 56, 57 
AhematoiB, delta-ooimected, 340 
fouE^phase, 320 
in opposite phase, 84 
in phase, 77 
in quadrature 88 
in series, 77 
multipolar, 315 
polyphase, 326 
singile-phaBe, 281 
star-oonneoted, 353 
three-phase, 340 
two-phase, 326 

Ampere, alternating-ourrent, 60 
Amplitude factor, 405 
Apparent power, 170 
Armature connection, 427 
induotoze grouping of, 200 
reaction, effect of, on wave¬ 
form, 304 

reaction for distributed wind¬ 
ing, 447 

ling-wound, 313 
rotating, 2£b, 286 


Armature taps for a synahronous 
motor, 311 

windings for d-c. machine, 417 
windinge see 'Windings 
windings, open- and closed-oir- 
cuit, 2^ 

windings, drum and ring 209 
windings, re-entrant type 301 
windings, tapping points on 
doeed-circuit, 304 
Arrangement of ooQs m dots, 440 
Artificial neutral, 100 
Average power, 158 

B 

Balanced phasee 140 
Balanced three-phase power in, 
170 

Bar winding, appearance of, 418 
Big Greek reservoir, 22 
Bipolar armature winding, 309 

C 

Capacity, effect on wave-form, 405 
(relative) of open and closed 
windinge 360 

(rdative) of single-phase quar¬ 
ter-phase and three-phase 
generatoze 362, 367 
Central power statione 4 
location of, 0 
Chain winding, 450 
appearance of, 422 
for three-phase 470 
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Ohbka ocdlt 280 

GircuitB, power in pdyphaae^ 101 
seriBB, 77 

Glook diagramB, 80 
GLosed-cirouit windings, 206, 820 
heating effect with unbalanced 
337 

tapping points on, 304 
Gloeed-delta connection, 112 
current in phaaee of, 135 
Goila, appearance of, 420, 421 
forms, 420 

hig^ and bw-tension, 266 
primaiy and secondary, 266 
short, 432 
skew, 482 
structure of, 418 
Collecting rings, 286, 204 
Gommutator, 208 
GompreBBed air, 6 * 

Computation of power in poily- 
phaw cirouits, 101 
GonoeQtrated armature windings, 
compared with distributed, 
445 

sm^e-phase, 432 
wave-form of, 806 
Gonneotion, armature, 427 
GoDstant-ourrent transformer, 17 
Converter, armature taps for, 811 
motar-g^snerator, 14 
rotary or synchronouB, 14 
substation, 18, 16 
Copper wire (tabb), 524 
Go^ smooth, 480 
dotted, advantages of, 480 
Cosine, definition of, 506 
of ang^ greater than 00^, 516 
Counter ejni., 218 
Cross ourreats due to irregular 
waveforms, 405 
Creeping winding, 482 
Curcmt laggings 


Cuirent-lizniting leaotanoe 
228 

Current^ with phase difference to 
voltage, 142 

viJue of, instantaneous, 82 
Cyd^ 28, 81, 292 

D 

Definite field type of rotor, 285 
Degrees, eleotrical, 52 
spaoe, 52 
time, 62 

Ddtarconneoted maehine, ounent 
in bads to, 186 
current in phases of, 135 
Ddta oonnection, effect of, on 
wave-form, 308 
Delta, obsed, 112 
open, 06 

Devdoped diagram of armature 
winding^ 483 

Diagonal of parallelogram, 500 
Diagrams, dock or vector, 30 
Distributed windings, 442 
compared with concentrated, 
445 

effect on wave-form, 305, 309 
Drum armature, polyphase wind¬ 
ings for, 472 
Drum windbgs, 209 

E 

Effective value of altemating- 
ouirent vdtag^ 60, 05w 
Eleiptricd degrees, 52 
Element of winding, 425 
Ejni., counter, 218 
how built up, 447 
in armature inductors, 287 
in opposite phase, 84 
in quadrature, 88 
in series, in phase, 77-106 
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BjbJ^ at in annatme 

oafla, 458 

proper of, see Warn- 

forms 

EodrOozmeotioiiB, impropeir, 466 
to armsture windingSi 436 
Equivalent smgLe-phsse ampereSf 
204 

Exoiter, 284 

Exploring-ooil method of finding 
WBV&4ann, 806 

F 

Fieldrdisdharge Bwitohf 221 
Field, rotating, 282 
Eluz^ fringing of, 304 
radial, 393 
Farms of ooOs, 421 
Four-phase altematars, 329 
phase rdations in, 332 
rdation between two^ihase and 
four-phase, 331 
Fraotional pitch, 426 
Frequency, 28, 31 
Fringing of fius, effect on wave- 
fonn, 394 

O 

Qatun hydro-electrio devdqp- 
ment, 23 

Qatun power plant, 3 
Generation of proper ejai. wave¬ 
form, 389 

Qaisrator, exciter, 284 
highspeed, 285 
turbo-, 285 

Generators, '^phasing out,’' 103 
polyphase, 826 
quarter-phase, 94 
reversing the connections of, 101 
three-phase open-delta, 96 
two-i^ase^ 98 


GiGiq)ing of annatore induoton, 
209 

H 

Half-ooiled annatore windings^ 
439,440 

Heating effect of ourrent, 60 
Hhniy, unit of inductance^ 226 
Heating in two-phase doeed-dr- 
cuit windings, 337 
ijffigb-frequenoy ripples in wave¬ 
form, 406 

High-tension coilB, 266 
Hour-glBas choke coil, 280 
Hypothenuse of right triani^^ 499 
Hysteresis loss due to fiat wave- 
forzn, 408 

I 

Impedance^ 217 
definition of, 66 
of paralld oombinationB, 258 
of series combinations^ 258 
power consumed by, 251 
Improper end-conneotianB, 460 
Inductance, 224 
a property of the drouit, 288 
causes pluue difference, 241 
effect on wave-form, 405 
mutual, 261 
of aoo^ 229 

of a transmissioii 288 
self-224 
unit of, 225 
Induction coils, 265 
Inductive reactance^ 218 
Inductor, 426 

Inertia of drouit, 226 

Instantaneous power, 155 
Insulation for peaked wave-form, 
405 

Interlinkages, 231 
Irregular wave-fonns^ 405 
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L 


cnuient, effect of wave- 
fooriD, 406 
Lap winding, 484 
Law of sines, 411 
Lead and Isg, meaning of, when 
applied to separate circuita, 
826 


Measurement of power, linbal- 
anoed three-phase, 184 
Mercuiy-aro leotifier, 14 
Me^ connection, 352 
Misaiaaippi Biver develppmeint,‘28 
Motop-generatar converter, 17 
Multipolar altematoia, 315 
Mutual inductance, 261 


Leading current, effect on wave¬ 
form, 406 

Leading pole tip, 394 
Leakage lines, 266 
Leakage, magnetic, 207 
Lena' law, 224 

Li ghting tranafarmera, effect of 
waveehape on losses in, 409 
Lightning, arrester choke coil, 239 
discharge, 239 

Linkage of magnetic lines and 
turns of coil, 231 
Loading effect of, on wave-form, 
897 

Local currents, in armature wind¬ 
ing 466 

due to bearing wear, 468 
cure for, 470 

Long-distance transmiasion sys¬ 
tem, 20 

Lobbgb in transformer, effect of 
wave-form on, 409 
liOw-tenaioD coils, 266 

M 

Magnetio leakage, 207 
Magnetic path thiou^^ generator, 
207 

Maximum value of ejnJ., 66 
Measurement of power, balanced 
three-phase, 179 
one-wattmeter method, 189 
am^phaae, 179 
two-wattmeter method^ 184 


N 

Neutral, artificial, 100 
Neutral points, 299 
zone, 290 

Non-aine wavo-form, effect of 
capacity on, 406 

O 

Oblique triangles, 608 
Oil switch, 222 

One-wattmeter method of power 
measurement, 189 
Open-drcuit windings, 296 
Open-delta connection, 96 
Opposition of e.mi.'B in arma¬ 
ture windings, 468 
Oscillogram of e.m.f., 61 

P 

Faralld combinations, oonneotiozis, 
129 

ouirenlfi having a phase differ¬ 
ence, 133 

impedance of, 268 
operation of motors, 198 
voltage and current relatioDS, 
134 

Ferallelograin, diagonal of, 609 
Peaked waves, effect of, 406 
Period, 63, 292 

Phase difference in inductive cir¬ 
cuit, 241 
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PhasiB differenoe of ounent in 
line to current in pheaes of 
maohineBi 136 
of onrrent to voltae^ 142 
sine Quryes showing, 144 
“PhflSLDg out’' a maniune, 103 
Piston motion, law fou:, 31 
Pitbh, fractional, 426 
of winding, 426 
Polflr vector diagram, 80 
Pole-pitoh, fractional, 426 
of Winding, 426 
Poles, beveled, 300 
(diaping of, 389 
Pole tip, leading, 304 
^ping of, 306 
trailing, 3^ 

Polyphase alternator, 326 
two-phase, 326 

Polyphase oircuits, power in, 101 
Polyphase maohine, 140 
Pdyphase motor versus am^^e- 
phase, 850 

Polyphase winding for drum arma¬ 
ture, 472 

Positive direction through a cir¬ 
cuit, 116 

Power, apparent, 170 
average, 168 
effective, 168 
instantaneous, 166 
measurement, 162 
negative, 161 
reactive, 168 
sources of, 1 
stations, 4 

with ourrent at 90° to voltage, 
160 

Power component of current, 173 
Power consumed by impedance, 
261 

Power curves, 167 
Power^factor, 164 


Power-factor meter, 400 
effect of wave-form on, indi¬ 
cations of, 400 

Power in polyphase cirouitB, 191 

Ptimaiy coils, 266 

Prime movers, 4 

Power tahen by parallel appli¬ 
ances, 198 

Progressive winding, 486 

PropertieB of copper wire (table), 
624 

Pump, vEdvdess, 29 

Q 

Quadrature comiKment of current, 
174 

Quaiteivphase generator, 94, 330 
phase relations in, 882 
system, 65 - 
three-wire, 96 

R 

Radial diagram of armature, wind¬ 
ings, 433 

Radial flux, wave-form produced 
by, 893 

Ragg^ wave-form, 390 

Rate of flow, law for, S3 

Reaction (armature), effect upon 
wave-form, 304 

(armature) less with distributed 
winding, 447 

Reactance, (coils) current limit¬ 
ing, 223 

combined with resistance, 246 
computation of, 236 
formula for, 238 
inductive, 216 

Reactive component of ouirent^ 
173 

current, 173 
power, 168 
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Eeaotive oompanent of pnasure, 
178 

volt-ampere^ 178 
Beotifigr, mercury ar(^ 14 
BMulrait wind^ 301 
Eeaistanoe, 66 

combined with reactance, 246 
Eetrograsaive winding, 430 
Heverang phases of generatoora, 
101 

Sing windings, 209 
Ping-wound armature, 818 
Sipples, hi|^ frequeiu^, 400 
m wave-fonn, 802 
Potary converter, 16 
Potating armatu^ 280, 286 
Potating held, 282 
Potor, 282 

S 

Seopndary coOs, 260 
Self-induotanoe, 224 
Series and paraJM circuits, 77 
Series oircuitB, impedance of, 268 
Series lamp drouit, 17 
Shaping of poles, ^0, 396 
Shart-coH winding, 4^ 
Short-distanoe traoamissiQn qys- 
tem, 15,18 
Sine curve, 34 
a standard wave-form, 87 
equation for, 84 
reason for using, 88 
Sine^ defirdtion, 602 
law of, 611 

of an^ greater than 00^, 612 
Sini^e^diBse armature, correct 
tapping for, 370 
SingleidiBse generatars, 281 
Skew-ooil winding, 482 
Slotted core, advantages of, 430 
Smooth core, 480 


Smoothing out wave-form, 800 
Solid wire table, 624 
Sources of power, 1 
Span, see Pitch 

Square-root-mean-square value d 
ejn.f., 410 
Star oonneotion, 126 
wave-form affected by, 808 
Stator, 282 
windings of, 421, 424 
Step-down transformer, 266 
Step-up transformer,^266 
Stranded wire table, 624 
Substation, oonverter, 13 
transformer, 12 
Subtractive series, 443 
Switch, field discharge, 221 
oil, 222 

Synchronous oonverter, 14 
SynchronouB converter, armature 
taps for, 311 

T 

Table, copper wire, 524 
trigonometrio, 621 
wei^ts and measures, 626 
Tangent, definition of, 507 
of angle greater than 90", 616 
Tapping points on dosed-drouit 
winding, 304 

Taps in synohronous-oonverter 
armature, 311 

Three-phase armature winding, 
i^)pearanoe of, 420 
Three-phase generator, bart tap¬ 
ping for, 364 
Three-phase system, 17 
Three-phase windings for drum 
annature, 473 

Three-phase (balanced), one-watt¬ 
meter method, 184 
power in, 170 
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Three-phase slightly UDbalanced, 
power in, 184 

three-wattmeter method, 190 
two-wattmeter method, 189 
unbalanced, power in, 184 
Topographic vector diagram, 80 
Trailing pole tip, 894 
Tranafarmers, 266 
efffeot of wave-form on losses in, 
409 

reversing the connections of, 
101 

Tiansformer, constant-current or 
tub, 17 

conventional diagram for, 260 
Bt^up and step-down, 266 
substation, 12 
Transmission line, 17 
inductance of, 233 
long-distance system, 20 
fihort-diBtance system, 18 
various methods of, 5 
Triangle, oblique, 508 
right, 499 

sum of angles of, 499 
Trigonometric functions, 499 
table, 621 
True watts, 174 
Tub transformer, 17 
Turbo-generator, 285 
Two-layer windings, 461 
oon forms for, 463 
Two-phase alternator, 326 
oapaoity when but one phase is 
operated, 338 
dosed-oirouit winding, 329 
current in coOs of (balanced 
load), 334 

current in coils of (unbdanced 
load), 386 

Two-phase armature, correct tap¬ 
ping for, 371 

Two-phase generators, 03 


Two-phase windings for drum 
armature, 473 

Two-wattmeter method of power 
measurement, 184 

U 

Unbalanced three-phase, power 
in, 184 

V 

Vector addition, summary of, 115 
Vector diagrams, 89 
Vector diagram, polar, 80 
topographic, 81 

Voltage with phase difference to 
current, 142 
Vdtramperea, 168 

W 

Wattless cruirent, 173 
Watts, true, 174 

Wave-form, amplitude factor, 405 
calculation of, 392 
concentrated winding, 395 
cross currents, 405 
determination of, espensive, 410 
effect of armature reaction, 394 
effect of distributed windings, 

395 

effect of fringing of flux, 394 
effect of loading, 897 
effect of toothed core, 301 
effect on measuring instru¬ 
ments, 409 

effect on, of diaping pdles, 380 
effect on transformer losses, 409 
exploring coil method of finding, 

396 

flat, 408 

generation of proper, 389 
hysteresis loss due to flat, 408 
irregular, 405 
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Wave-form, non-ame, 406 
of delta versuB Y oozmection, 
308 

oscfllograms of, 389 
parallel opezationa, 405 
peaJced wava^ 405 
ragged, 300 
z^ples, 405 
zipples in, 302 
amoothing out, 300 
undeairable effects, 405 
what it depends upon, 380 
Wave winding, 434 
Whole-coiled armature windings, 
438 

Winding, fthRin for three-phase, 
479 

creeping, 482 
end connection, 430 
lap, 434 
progresaive, 435 
retrogreaaive, 430 
short^coil, 482 
akew-^soQ, 482 
wave, 434 

Winding appearance of, 410 
armature for a-c. machines, 417 
aimatur^ open ariH eloged oiiv 
cult, 206 

armature* re-entrant typ^ 301 
bar, 419 
chain, 422, 450 

concentrated, single-phase, 432 
conventional diagrams, 433 
develop^ 433 


Windings, distributed compared 
with concentrated, 445 
drum and ring, 209 
element of, 425 
half-coiled, 440 
improper end connection, 466 
insulation of, 431 
boal currents through, 406 
more than one path through, 
464 

pitch, 425 
polyphase, 472 
radial diagram, 438 
structure of, 418 
tapping points on closed circuit, 
304 

thoroughly distributed, 442 
three-phase, 420, 428 
two-layer, ^1 

vector diagram for e.m.f. in 
duoed, 462 

Wire, table for copper, 524 
stranded, 524 
solid, 524 

X 

X (reactance), 238 

Y 

Y connection, 126 
effect on wave-form, 808 

Z 

Z (impedance), 66 





